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POLY ANILINE COMPOSITIONS, 
PROCESS FOR THEIR PREPARATION AND USES THEREOF 

nnckftround of the Invention 

The present invention is a continuation-in-part of co-pending* application 
Serial No. 193,964 which was filed on May 13, 1988. 
5 The present invention relates to self-pro tono ted sulfonic acid-substituted 

polyanilinc compositions their derivatives, processes for their preparation, and 
uses thereof. 

It is desirable in certain applications to have a material whose radiation 
absorption characteristics and index of refraction can be easily and reversibly 

10 modulated. Various polymeric materials have been investigated including 
polyacctylcnc, polydiace tylcnc, polypyrrolc, poly (N-mcthyl-pyrrolc), 
po!y(phcnylcne vinylene), and polythiophcnc. While these polymeric materials 
are known to exhibit photoresponsive effects, these materials have deficiencies 
when considered for certain electromagnetic applications. For example, 

1$ polyncetylcne and polydiacetylenc have limited photoresponsc, are air sensitive, 
generally cannot be dcrivatized, and arc not readily soluble and therefore cannot 
be easily deposited as a thin film from solution. In addition, most materials 
previously investigated for electromagnetic radiation absorption arc not readily 
tunable, i.e., the photorcsponses of the materials cannot be reversibly modulated 

20 by an external source of energy. 

Organic polymers have long been studied for electronic transport and, more 
recently, for optical properties. The first organic polymers prepared were 
electrically insulating with conductivities as low as 1(T 14 (ohms cm)" 1 . The 
insulating properties are the result of all the electrons in the polymer being 

25 
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localized in the hybrid-atom molecular orbital bonds, i.e., the saturated carbon 
framework of the polymer. These insulators, which include polymers such as 
poly(n-vinylcarbazole) and polyethylene, have extremely large band gaps with 
energy as high as 5 eV required to excite electrons from the valence to the 
conduction band. Electrical applications of insulating organic polymers are 
limited to insulating or supporting materials where low weight and excellent 
processing and mechanical properties are desirable. 

High electrical conductivity has been observed in several conjugated 
polymer or polyene systems. The first and simplest organic polymer to show high 
conductivity was "doped" polyncctylcne. In the "doped" form its conductivity is 
in excess of 200 (ohm cmH with new preparations of doped polyacetylcne now 
having conductivities in excess of lOtys cm. Although polyacetylene was first 
prepared in the late 1950's, it was not until 1977 that this polyene was modified 
by combining the carbon chain with iodine and other molecular acceptors to 
produce a material with metallic conductivity. 

Polyaniline is a family of polymers that has been under intensive study 
recently because the electronic and optical properties of the polymers can be 
modified through variations of either the number of protons, the number of 
electrons, or both. The polyaniline polymer can occur in several general forms 
including the so-called reduced form (lcucoemeraldinc base), possessing the 
general formula 



30 



35 



the partially oxidized so-called cmeraldine base form, of the general formula 
d i v ri 




and the fully oxidized so-cnllcd pcrnigranilinc form, of the general formula 





In practice, polyaniline generally exists as a mixture of the several forms 
with a general formula (I) of 

vA > v H 



7 A 






n w 
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When the polyonilinc polymers arc referred to as 

poly(paraphenylcncamineimines) in which the oxidation state of the polymer 
continuously increases with decreasing value of y. The fully reduced 
5 poly(paraphenyleneamine) is referred to as leucoemeraldine, having the repeating 
units indicated above corresponding to a value of y = 1. The fully oxidized 
poly(paraphenyleneimine) is referred to as pernigranilinc, of repeat unit shown 
above corresponds to a value of y = 0, The partly oxidized 
poly(paraphenylcneimine) with y in the range of greater than or equal to 0.35 and 
10 less than or equal to 0.65 is termed emeraldine, though the name emeraldine is 
often focused on y equal to or approximately 0.5 composition. Thus, the terms 
"leucoemeraldine", "emeraldine" and "pernigranHinc" refer to different oxidation 
states of polyanilinc. Each oxidation state can exist in the form of its base. or in 
its protonatcd form (salt) by treatment of the base with an acid. 
15 The use of the terms "protonated" and "partially protonated" herein 

includes, but is not limited to, the addition of hydrogen ions to the polymer by, 
for example, a protonic acid, such as mineral and/or organic acids. The use of 
the terms "protonated" and "partially protonatcd" herein also includes 
pseud oprotonat ion, wherein there is introduced into the polymer a cation such as, 
20 but not limited to, a metal ion, M + . For example, "50%" protonation of 
emeraldine leads formally to a composition of the formula 




Formally, the degree of protonation may vary from a ratio of [H + ]/[-N=] = 
30 0 to a ratio of [H + ]/[-N=] = i. Protonation or partial protonation nt the amine (- 
NH-) sites may also occur. 

The electrical and optical properties of the polyaniline polymers vary with 
the different oxidation states and the different forms. For example, the 
leucoemeraldine base, emeraldine base and pernigranilinc base forms of the 
35 polymer are electrically insulating while the emeraldine salt (protonated) form 
of the polymer is conductive. Protonation of emeraldine base by aqueous IIC1 
(1M IIC1) to produce the corresponding salt brings about an increase in electrical 
conductivity of approximately 10 12 ; deprotonation occurs reversibly in aqueous 
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base or upon exposure to vapor of, for example, ammonia. The emeraldine salt 
form can also be achieved by electrochemical oxidation of the leucoemeraldine 
base polymer or electrochemical reduction of the pcrnigraniline base polymer in 
^ the presence of an electrolyte of the appropriate pll. The rate of the 
electrochemical reversibility is very rapid; solid polyaniline can be switched 
between conducting, protonatcd and nonconducting states at a rate of 
approximately 105 Hz f or electrolytes in solution and even faster with solid 
electrolytes. (E. Paul, et al., J. Phys. Chem. 1985, 89, 1441-1447). The rate of 

^ electrochemical reversibility is also controlled by the thickness of the film, thin 
films exhibiting a faster rate than thick films. Polyaniline can then be switched 
from insulating to conducting form as a function of protonation level (controlled 
by ion insertion) and oxidation state (controlled by electrochemical potential). 
Thus, in contrast to, for example, the polypyrrole mentioned above, polyaniline 

^ can be turned "on" by either a negative or a positive shift or the electrochemical 
potential, because polyaniline films are essentially insulating at sufficiently 
negative (approximately 0.00 V vs. SCE) or positive (+0.7 V vs. SCE) 
electrochemical potentials. Polyaniline can also then be turned "ofP- by an 
opposite shift of the electrochemical potential. 

2Q The conductivity of polyaniline is known to span 12 orders of magnitude 

and to be sensitive to pll and other chemical parameters. It is well-known that 
the resistance of films of both the emeraldine base and 50% protonated 
emeraldine hydrochloride polymer decrease by a factor of approximately 3 to 4 
when exposed to water vapor. The resistance increases only very slowly on 

^ removing the water vapor under dynamic vacuum. The polyaniline polymer 
exhibits conductivities of approximately 1 to 20 Siemens per centimeter (S/cm) 
when approximately half of its nitrogen atoms are protonated. Electrically 
conductive polyaniline salts, such as fully protonatcd emeraldine salt [(-C 6 II 4 - 
NII-C G H 4 -NH + )-Cr] x , have high conductivity (10-4 to 10+2 s/cm) fln(J ^ 

3Q dielectric constants (20 to 200) and have a dielectric loss tangent of from below 
10-3 to approX i matcly 10 i. Dielectr|c lQSS VQlucs arc obta . ned . n thfi prfor 

by, for example, carbon filled polymers, but these losses are not as large nor as 
readily controlled as those observed for polyaniline. 

In addition, polyaniline has been used to coat semiconductor 
35 photoelcctrodes, to serve as an electrochromatic display material, and to 
suppress corrosion of iron. Polymers have also recently been under investigation 
because of the ability to alter their optical properties as the result of exposure 
to optical excitation. 
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Polyoniline differs substantially from other polymers such as 
poiyacetylene, polythiophenc, polypyrrole and polydiacetylcne in several 
important aspects* First, polyanilinc is not charge conjugation symmetric; that 
5 is, the Fermi level and band gap ore not formed in the center of the pi band, so 
that the valence and conduction bands arc very asymmetric* [S. Stafstrom, J* L. 
Dredns, A. J- Epstein, II. S. Woo, D. D. Tanner, W. S. Huang, nnd A. C. 
MacDiarmid, Phys. Rev. Lett- 59, 1464 (1987)]. Consequently, the energy level 
positions of doping induced and photoinduced excitations differ from those in 

10 charge-conjugation-symmetric polymers such as poiyacetylene and 
polythiophcne. Second, both carbon rings and nitrogen atoms arc within the 
conjugation path forming a generalized "A-D" polymer, unlike polypyrrole and 
polythiophene, whose heteroatoms do not contribute significantly to pi band 
formation. [M. J. Rice and E. J. Mcle, Phys. Rev. Lett 49, 1455 (1982); J. L. 

15 Bredas, B. Themans, J. G. Fripiat, J. M. Andre and R, R. Chance, Phys. Rev. 
B29, 67G1 (1984)j. Third, the emeraldine base form of polyaniline can be 
converted from an insulating to a metallic state if protons are added to the -N= 
state sites while the number of electrons on the chain is held constant. [J. C. 
Chiang and A. G. MacDiarmid, Synth. Met. 13, 193 (1986)]. For example, 

20 exposure of emeraldine base to a protonic acid such as TIC1 causes a 
transformation to the emeraldine salt form or polyaniline. The emeraldine salt 
form of polyaniline exhibits metallic properties which are due to the formation 
of a polnron lattice in the material. [J. M. Cinder, A. F. Richter, A. G. 
MacDiarmid, and A. J. Epstein, Solid State Commun., 63, 97 (1987); A. J. 

25 Epstein, J. M. Finder, F. Zuo, R. W. Bigelow, II. S. Woo, D. B. Tanner, A. F. 
Richter, W. S. iluang and A. G. MacDiarmid, Synth. Met. |8, 303 (1987); II. Y. 
Choi, and E. J. Mele, Phys. Rev. Lett. 59, 2188 (1987)]. 

The present invention is related to the invention disclosed in the co- 
pending Application Serial No. 305,872, which was Tiled on February 2, 1989 and 

30 is incorporated herein by reference. That application discusses an optical 
information storage process which provides for erasable high density optical data 
storage which can be used in information storage and processing applications. 
The powerful information storage process is based upon the photoexcitcd optical 
transformations resulting from the optical absorptions of polyanilinc. 
35 While the preparation of polyaniline polymers and the protonated 

derivatives thereof is known in the art, it is novel herein to prepare sulfonated 
polyaniline compositions which are capable of being "self-pro tona ted" or "self- 
doped". The use of the terms "self-pro tona ted" and "self-doped" herein includes, 
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but is not limited to, the reorganization of hydrogen ions on the polymer i.e., the 
absence of any counterion not covalently bonded to the polymer chain. For 
example, self-doping or self-protonation of a polyaniline base polymer leads to a 
polyaniline salt polymer and a reorganization of the electronic structure which 
then forms a polarpnic metal. The conductivity of such polaronic metal is 
independent of external protonation. 

It is novel herein to use the self-doped sulfonated polyaniline compositions 
in a wide variety of electrochemical applications such as, for example, 
electrochromic displays, active electronic switches, in charge storage or battery 
technologies and in chemical sensors. It is also novel herein to use the self- 
doped, sulfonated polyaniline in a wide variety of applications for conducting 
electricity, such as, for example, as discharge layers for electron beam 
Urography and to form patterned images using electron beam lithography. It is 
also novel herein to blend self-doped, sulfonated polyaniline with other, 
insulating, polymers to form conductive thermoscts, epoxies, and thermoplastics 
and for use in the blended or pure form for applications as n medium for 
electrical discharge. 

It is also novel herein to use these self-doped polyanUine compositions for 
the attenuation of electromagnetic radiation. These self-doped polyaniline 
polymeric materials can be designed to absorb electromagnetic radiation. In 
addition, these polymeric materials are useful for developing a method of 
absorbing the electromagnetic radiation to modulate another electromagnetic 
beam. These polymeric materials are also useful for developing a method for the 
modification of the electromagnetic properties of the self-doped polyaniline 
compositions by chemical or electrochemical means. In addition, the distinct 
photoinduced properties of the self-doped polyaniline polymers provides a unique 
opportunity for the application of such polymers to such unique applications as 
erasable optical information storage technology. 

Summary of the Invention 

The present invention provides a polymeric acid polymer which is capable 
or protonnting or doping itself to form an electricnlly conducting polymer. The 
sulfonated polyaniline polymer has Taster electronic, electrochemical, chemical, 
and optical responses nnd improved solubility than the parent polymer, 
polyaniline. The solubility of the sulfonated polyaniline polymer is increased 
greatly due to the presence of the sulfonic group SOjH. The sulfonated 
polyaniline polymer is easy to dissolve in basic aqueous solutions in which the 
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polyanilinc polymer is insoluble. In addition, due to the electron withdrawing 
effects of the S0 3 H group, the sulfonated polyaniline polymer has improved 
environmental stability over the polyaniline polymer. The process for producing 
the sulfonated polyaniline comprises reacting the polyanilinc polymer with 
concentrated sulfuric acid. 

The present invention also relates to the use of sulfonated polyaniline 
compositions and their derivatives in electronic, electrochemical, chemical, and 
optical applications. In one aspect of the present invention, the speed of the 
electrochemical response of the sulfonated polyaniline compositions allows such 
compositions to be especially useful in such devices as for example, 
clectrochromic displays, active electronic devices such as switches, chemical 
sensors, and in charge storage or battery applications. 

In another aspect of the present invention, the ability of the sulfonated 
^ polyaniline compositions to conduct electricity makes such compositions 
especially useful as, for example, discharge layers for electron beam lithography 
and use in forming patterned images by electron beam lithography. 

The present invention also relates to the use of sulfonated polyaniline as an 
electrical conductor, either in its pure form or blended with other polymers such 
2Q as Kevlar or nylon to provide a medium for electrostatic discharge in device 
housings and also bulk coverings such as carpets and fabrics. 

In addition, the invention relates to the use of sulfonated polyaniline or 
derivatives thereof for such applications as absorbing electromagnetic radiation. 
The invention further relates to the use of the radiation absorbing sulfonated 
polyaniline compositions to modulate another electromagnetic beam. The 
invention also relates to the modification of the electromagnetic response of 
sulfonated polyaniline compositions by chemical or electrochemical means. The 
.invention further relates to electronic and microelectronic devices based on the 
chemical and physical properties of the sulfonated polyaniline and its 
derivatives, and the control of those properties in useful applications. The 
invention further relates to the use of the sulfonated polyaniline polymer as a 
high density erasable data storage medium intended for use in information 
storage and processing applications. 

The present invention further relates to the use of sulfonated polyaniline 
35 and derivatives thereof for absorbing electromagnetic radiation, including 
microwaves, radar waves, infrared waves, visible waves, and ultraviolet waves as 
needed. The invention further relates to the use of the radiation-absorbing 
sulfonated polyaniline compositions to modulate another electromagnetic beam. 
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The invention also relates to the modification of the electrical and optical 
properties of sulfonated polyaniline compositions by chemical or electrochemical 
means. The invention further relates to electronic and microelectronic devices 
based on the chemical and physical properties of sulfonated polyaniline and its 
derivatives. 

While the invention relates to both microwave responses and nonlinear 
optical responses of sulfonic-acid substituted polyaniline and its derivatives, the 
inventors believe that these phenomena are of different physical origins. The 
photoresponse is believed to be the result of the reorganization of chemical 
bonds and to be microscopic. The time frame is believed to be approximately 
10-13 to 10-12 seconds (a rate of 10 + 1* to 1013 H z). The use of sulfonated 
polyaniline compositions to achieve the microwave attenuation of the present 
invention, however, is believed to be due to a local reorganization of the 
electronic denisty on the order of 10l to 10 2 Angstroms and on a time frame of 
approximately 10-1° seconds. Both the photoresponse and the microwave 
attenuation phenomcnae are believed to be due to the absorption of 
electromagnetic radiation by the pi electron systems of the sulfonated 
polyaniline polymer and its derivatives. 

The present invention also relates to a method the chemical or electrical 
erasure of the stored information in bit-wise manner by temporary conversion of 
a specified bit of a conducting form of a sulfonated polyaniline film. For 
instance; electrochemical conversion is achieved in a compact solid-state 
sandwich cell incorporating a solid electrolyte. This electrochemical conversion 
provides the ability to electrically erase or correct individual bits written 
optically within the polymer sample. 

The present invention also relates to a method for the bit-wise or total 
erasure of the stored information. For example, application of an intense beam 
having a wavelength of approximately 1.2 microns such as that available from 
diode lasers and incandescent sources, to a storage medium composed of a 
sulfonated polyaniline emeraldine base film will enable the bit-wise erasure of a 
bit of information written into the medium using approximately 500 nm light. 
The total erasure of the stored information can be obtained by exposure of the 
entire storage medium to light of the appropriate wavelength. 

Further, the present invention relates to a method for the "layering" of 
information stored. As the intensity of the photoinduced (write beam produced) 
change in absorption is proportional to the intensity of the write beam, 
discrimination of the amount of photoinduced optical absorption by the read 



WO 91/05979 



PCT/US90/05900 



- 9 - 



beam enables more than one bit (0,1) to be written at a single bit location. For 
example, discrimination of two different levels of photoinduced optical 
absorption squares the total number of bits that may be stored: discrimination 
of three different photoinduced absorption levels cubes the number of bits that 
5 may be stored, etc. 

The present invention and the sulfonated polyaniline materials described 
herein may also be used to provide a medium for recording of hologram as done 
for example in photorefractive Di^SK^o P. llerriau and J. P. Iluignard, 
Appl. Phys. Lett. 49, 1140 (198G)] and DaTiOa [J. Fcinbcrg, Physics Today, 
10 (10) 4G (1988)], This technique allows for storage of information in a form of 
photoinduced fixed gratings within the sulfonated polyaniline material and 
formation of holographic images. 
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Drief Description of the Drawings 

Fig. 1 is a graph illustrating the FTIR spectra of (a) self-doped sulfonated 
polyaniline; (b) emeraldine base, the parent polymer of sulfonated polynnilinc in 
wave numbers cm~l. 

Fig. 2 is a graph illustrating the electronic absorption spectra of (a) 
— sulfonated polyaniline film cast from an aqueous NH4OH solution in a quartz 
substrate, then dried in air, (peaks at 3.88 and 2.1 G cV in 0.1M NII4OH; (b) — 
emeraldine salt film, (peaks at 3.76 and 2.0 eV) in NMP. 

Fig. 3 is 0 graph illustrating the cyclic voltammograms (50mV/s) of (a) 
sulfonated polyaniline in 1M HQ, (b) — polyaniline in 1M HQ. 

Fig. 4 is a graph illustrating the anodic peak current vs sweep rate of 
cyclic voltammograms in aqueous 1.0M HCi electrolyte at 298K. 

Fig. 5 is a graph illustrating the relationship between E* t% (50mV/s) and pH 
(a)ooooo the first, (2) the second redox process of sulfonated polyaniline 

in the pll range -0.2 to 7. 

Fig. G is a schematic illustration of the equilibria among different 
structures of self-doped sulfonated polyaniline. 

Fig. 7 is a schematic illustration of the equilibrium between self-doped 
sulfonated polyaniline and its base form in aqueous NII4OII solution. 

Fig. 8 is a schematic illustration of the redox process of the sulfonated 
polyaniline during sweeping the potential from -0.2/O 1.0 v vs Ag/AgCl. 

Figs. 9-15 are schematic illustrations of alternative embodiments of the 
invention utilizing the optical properties. 



WO 91/05979 



PCT/US90/05900 



-10- 



Figs. 16-19 are schematic illustrations of waveguides utilizing the 
microwave absorption properties of the invention for absorbing microwaves 
propagated through the waveguide. 

Fig. 20 is a schematic illustration of an alternative embodiment in which a 
surface is coated with a material embodying the present invention for preventing 
microwave reflections from the coated material. 

Figs. 21 and 22 are schematic illustrations of alternative embodiments in 
which a microwave strip conductor is coated with material embodying the 
present invention. 

Figs. 23 and 24 are schematic illustrations of microwave strip embodiments 
including an electrolyte for the controlled variation of the microwave absorption 
properties along the propagation axis of the microwave strip conductors. 

Figs. 25 and 2G illustrate embodiments utilizing thermally responsive films 
which have materials embodying the present invention distributed within the 
film. 

Fig. 27 is a schematic illustration of a configuration for use in the present 
invention for electrochemical bit-wise write or erasure of stored information. 

Fig. 28 is a top view of the schematic illustration of Fig. 26. 

Fig. 29 is a side view of a schematic illustration of a sulfonated polyaniline 
containing optical disk device incorporating a rotating optical disk, laser and 
mirror for writing bits or information, and laser and mirror for reading the 
photoinduccd information. 

Fig. 30 is a schematic illustration of the use of sulfonated polyaniline film 
in holographic and photoinduced grating applications. 

Fig. 31 is a schematic illustration of the use of a thick sample of 
sulfonated polyaniline or sulfonated polyaniline dispersed in a transparent host 
polymer in three-dimensional holographic and photoinduced grating applications. 

Detailed Description of the Invention 

The present invention relates to sulfonic acid substituted polyaniline 
compositions, their derivatives, processes for their preparation and uses thereof. 
The self-protonated sulfonated polyaniline compositions have the formula I 



35 




R 5 «■ K 




ft. K ft, Rj. 
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wherein 0^y£ l; Rj, R 2 , ^4* ^5 and Rg are independently selected from 
the group consisting of II, -S0 3 ", -SO3II, -R7SO3-, -R7SO3II, -OCII3, -CH 3 , 
-C 2 Il5, -Ff -CI, -Dr, -I, -NR7 2 > -NIICOR7, -Oil, -0% -SR7, -OR7, -OCOR7, 
-N0 2> -COOII, -COOR7, -COR7, -CIIO and -CN, wherein R 7 is a Cp-Cs alkyl, 
aryl or aralkyl group. For the sake of clarity, the structure shown in formula I is 
in the non self-pro to na ted form. 

The fraction of rings containing at least one R lf R 2 , R3 or R4 groups being 
an -SO3-, -SO3II, -R7SO3- or -R7SO3JI can be varied from a few percent to one 
hundred percent. In certain embodiments the percentage ranges from at least 
approximately 20% up to and including 100%. It is within the contemplated 
scope of the present invention that the -R7SO3- and -R7SO3II substituents can 
be varied so that the sulfonated polyaniline is soluble in a range of solvents in 
order to make the sulfonated polyaniline polymer more easily blendablc with 
other polymers and/or more easily cast onto a variety of surfaces. 

The solubility or sulfonated polyaniline can be varied by changing the 
degree of sulfonation (i.e., the sulfonation time and/or temperature in 
Il2S0 4 (S03)). It is noted that the oxidation state of the polymer (from 
leucoemeraldine through emeraldine to pernigraniline) and the degree of 
sulfonation (x) can be independently varied. Here x is the fraction of C 6 rings 
which have an S0 3 ~ or SO3II group attached. 

When x=0, the polymer does not dissolve in cither basic or acidic aqueous 
solutions. Upon increasing the value or x, the polymer becomes soluble in 
strongly basic, basic, weakly basic and eventually in acidic aqueous solutions. 
This progressive improvement in solubility implies that the polymer becomes 
soluble in neutral media, particularly II 2 0, at the appropriate value of x, yielding 
a water-soluble conducting polymer. The color of Soluble sulfonated polyaniline 
in acidic solution is green, indicating it is the conducting salt form. 

The solubility of polyaniline is increased greatly in basic aqueous solution 
by the presence of -SO3II group on the phenyl rings. This is in contrast with 
polyaniline which when washed with bosic solutions, converts to the insoluble 
base form. 

Protonation of the emeraldine bnse polymer leads to the emeraldine salt 
polymer and n reorganization of the electronic structure to form a polaronic 
metal. Since benzencsulfonic acid is a strong acid, about as strong as 
hydrochloric acid, the sulfonated polyaniline is capable of self-doping. Hence, 
the conductivity of the sulfonated polyaniline is independent of external 
protonation. 
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Deing able to dope itself, the sulfonated polyaniline polymer has enhanced 
optical and electrical response to electrochemical potential as compared with 
the parent polyaniline polymer. Since the solid-state diffusion of counterions in 
s and out of a polymer during electrochemical processes is often the rate 
controlling step in the kinetics, it also limits the speed of both optical and 
electrical response of polymers. In the self-doped conjugated polymer of the 
present invention, the counterions are not necessary from the medium. The 
positive charge introduced into the conjugated pi electron system of the 

^ backbone of the polymer is compensated by the protons migrating out of the 
polymer, or vice versa, leaving behind the opposite charged countcrion. Deing 
the smallest and most mobile ion, proton hopping mechanisms lead to relatively 
fast doping kinetics as compared to those counterions migrating in or out of the 
polymer. As a consequence, it is possible to nchicvc sufficient speed to be useful 

^ for a variety of technological applications. 

The sulfonated polyaniline polymers of the present invention provide 
opportunities to use the phenomena of the dependence or electrical and optical 
properties on the backbone chain conformation and on the substituent as weU as 
chain properties which change the chemical properties of polyaniline in a number 

2Q of useful applications. The side groups on polyaniline also can affect the charge 
transport in polyaniline. Theoretical studies of polyaniline indicate that the 
bandgap and bandwidth are affected by the torsion angle (dihedral angle) 
between adjacent rings on the polymer chain. The torsion angle influences the 
electronic properties of many conducting polymers with aromatic backbones. 

^ For example, poly(o-toluidine) has been studied and the results show that the 
reduction in pi conjugation of the olkyl derivatives of polyaniline is caused 
primarily by steric effect. 

The present invention discloses herein the synthesis, the electronic, 
electrochemical and optical properties of sulfonated polyaniline. It is disclosed 
3q herein that without external doping, the sulfonated polyaniline has a conductivity 
of 0.5 S/cm, which makes the sulfonated polyaniline a seir-dopcd conducting 
polymer. The results indicate that the amount of charge injected into or ejected 
out of the sulfonated polyaniline polymer is quite similar to that of polyaniline. 
Charge transfer doping within a specific potential range in solutions such as 1.0 
M HC1 and 0.5M H 2 S0 4 is highly reversible in the air reflecting the 
environmental stability introduced by the sulfonic acid groups. The inventors 
present the dependence of positions of redox peaks on different pH values and 
compare the results with those of sulfonated polyaniline. In contrast with 



M 

35 



WO 91/05979 



PCT/US90/05900 



- 13- 

polyaniline, the first redox process depends on pH in the value range of -0.2 -~ 7 
due to the sulfonic acid protons on the sulfonated polyaniline backbones. The 
second redox process depends on the pi! in a manner similar to that of 
polyaniline. 

5 The chemical synthesis of the sulfonated polyaniline polymers of the 

present invention is accomplished by reacting: polyaniline with concentrated or 
fuming sulfuric acid. Various methods for such synthesis are disclosed below. 

Materials - Aniline and other chemicals were obtained from Aldrich and 
were all reagent grade or better. Hydrochloric acid and ammonium hydroxide 
10 were used as received. Different pll buffer solutions were commercially 
purchased. 

Chemical Synthesis I: Emeraldine hydrochloride powder was synthesized 
from aniline and (NII^^Ojj then converted to analytically pure emeraldine base 
polyaniline using the method described previously in A. G. MacDtnrmid, J. C. 
15 Chiang, A. F. Richter, N. L. D. Somasiri and A. J. Epstein in L. Alcacer (ed.) 
Conducting Polymers , D. Rcidel Publishing Co., Dordrecht, The Netherlands 
(1987). 

For the sulfonation of polyaniline, 1.5g polyaniline (dry emeraldine base 
form) was dissolved into 40ml fuming sulfuric acid IliSO^SOa) with constant 
20 stirring at room temperature. During the sulfonation period the color of the 
solution changed from dark purple to dark blue. After approximately 2 hours, 
the solution was slowly added during about 20 minutes to 200ml methanol while 
maintaining the temperature between about 10-20°C by an ice bath. A green 
powder precipitate was formed during the mixing. After the mixing, 100ml less 

25 

polar acetone was added to the solution in order to increase the precipitate. The 
green powder was then collected on a Duchncr funnel using a water aspirator. 
The precipitate cake was washed portionwisc (50ml/portion) with methanol until 
the portion of the filtrate showed pll=7 when tested by wet pll paper. The liquid 
level in the Duchner funnel was constantly adjusted so that it remained above the 
30 top of the precipitate. This prevented cracking of the precipitate cake, which 
would result in inefficient washing of the precipitate cake. 

After the above washing, the precipitate remained under suction for 
approximately 10 minutes. It was then transferred on the filter paper to a 
vacuum desicator and dried under dynamic vacuum for 24 hours. Elemental 

35 

analyses, as shown in Table I are consistent with the composition shown in Fig. G 
as structure a, compound I, which is sulfonated, pro to nn ted polyaniline in the 
emeraldine oxidative state. The self-doped polyaniline is readily dissolved in a 
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dilute aqueous base solution to form a homogeneous blue-violet solution. The 
solubility of compound I in 0.1 M NH 4 OII and NaOII is~ 23mg/ml. 

Chemical Synthesis II: l.5g polyaniline (dry emcroldinc base Term) was 
5 dissolved into 40ml concentrated sulfuric acid H 2 S0 4 , and the temperature 
slowly raised from the room temperature to 70'c in water bath in 3 hour period 
with the constant stirring. The temperature was kept at 70°C for 15 hours 
Then the temperature was raised to 95'C within 0.5 hour and kept there for 4 
hours. The reaction mixture was cooled down to room temperature. The product 

10 was very slowly added to -3B«C ice made from 160ml distilled II 2 0 in order to 
precpitate the polymer. The temperature of the solution was not allowed to 
reach higher than 0«C during the process. After the temperature of the solution 
reached room temperature the solution was filtered to obtain a fine powder of 
sulfonated polyaniline. Large particles were obtained by subsequently heating 

15 the room temperature solution up to 70»C in a two hour period, then coolin- to 
room temperature, and conducting filtration to separate the sulfonated 
polyaniline from the solution. The sulfonated polyaniline was washed with an 
excess of H 2 0 until the filtrate was neutral (as tested by P n paper). Dry 
sulfonated polyaniline was obtained by pumping under dynamic vacuum at room 

20 temperature for 48 hours. 

Chemical Synthesis HI: From the Chemical Synthesis H described above a 
copolymer (i.e., the polymer mixture of polyanilines and sulfonated polyaniline) 
was obtained by partially sulfonating polyaniline. This was done in exactly the 
same way described in the Chemical Synthesis II except utilizing shorter 

25 sulfonation times and/or lower sulfonation temperature. 

Chemical Synthesis IV: Another way to prepare the copolymer polyaniline- 
sulfonated polyaniline was to react 2-aminobenzene-sulfonie acid (2ASA) with 
ox.dizing agent in the presence of aniline. lOg (0.58mol) 2ASA and 2ml (0.02mol) 
aniline were dissolved in 500ml IM lid. A prepared solution of 6.609g 

30 (0.029mol) (NII 4 ) 2 S 2 0g in 200ml IM IIC1 was added dropwise to the monomer 
solution with vigorous stirring during a period of 10 minutes. After 1.5 hours 
the precipitate was collected on a Duchner funnel. The precipitate was washed 
with IM IIC1 until the filtrate was colorless. Then the precipitate was washed by 
500ml I1 2 0. To ensure that the copolymer was in its neutral form, the 

35 precipitate was then transferred into a beaker containing 500ml of H 2 o and 
stirred at room temperature for 4 hours. The mixture was filtered until the pll 
of the filtrate was 7. The dry copolymer was obtained by pumping under 
dynamic vacuum at room temperature for 48 hours. 
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Infrared and electronic spectra. Infrared spectra were obtained by mixing 
the compound I into ICDr matrix, pressing into pellets and recording on nn FTTH 
spectrometer. 

5 For taking electronic spectra the compound I was dissolved in 0.1 M NH4OH 
to form a homogeneous solution, the polymer solution was then cast on a quartz 
substrate. Slow evaporation of the aqueous solution of the compound II 
(ammonium salt) in air at room temperature resulted in spontaneous removal of 
the weak volatile base, NII3 with reformation of the compound L 

10 Electron spin resonance. Temperature dependent (3 OK to 295K) electron 
spin resonance was measured for the compound I using a Druker 300 
spectrometer and an Oxford 900 temperature control system. 

Conductivity measurement. Conductivities of the compound I was 
measured on compressed pellets of the powder by using four point probe 

15 techniques with a ICeithley 220 constant current source and Keithley 181 
voltmeter. 

Cyclic voltammetry studies. Cyclic voltammetry studies were carried out 
using a Hokto Corporation (HC) Model HA-301 potentiostat/galvanostat with HC 
HC-201 digital coulometer. the IIC IIB-111 universal programmer was used for 

2 (j the generation or the sweep signals which were fed into the IIA-301. 
Voltammograms were recorded on a Hewlett-Packard Model 7046D XYY r 
recorder with an optional time base function. For the studies of current peak 
changing with the sweep rate, a Nicole t Model 370 digital oscilloscope with 
digitizer and disk-drive plug-in was used for recording i p in the high frequency 

25 characterization experiments. A standard three electrode system was enclosed 
in a dual compartment cell with a Tine porosity glass frit separating the working 
electrode and reference electrode from the counter electrode. Platinum disks 
(1.0cm 2 ) were used as working and counter electrodes. A Ag/AgCl, saturated 
KC1 electrode encased with a luggin probe was used as a reference electrode. 

30 1.0M nCl(20ml) was used as the electrolyte. All studies, except scan rate 
dependence of current peak, were performed at a sweep rate of 50mV/s. Since 
preliminary observations indicated that air did not have any effect on the cyclic 
voltammograms, all operations were carried out in the presence of air. 

The compound I was cast on a Pt electrode by evaporating a solution of the 

35 Polymer in 0.1M ammonium hydroxide and subsequently dried in air. In order to 
obtain reproducible cyclic voltammograms the electrode was preconditioned by 
cycling between -0.2 and 0.4 volts vs Ag/AgCl for ~ 10 minutes (25 cycles). 
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Structure Characterization and Physical Properties- Elemental analyses, 
infrared and electronic spectroscopy, conductivity ond cyclic voltammetry 
studies arc consistent with the sulfonation of emeraldine base with fuming 
sulfuric acid proceeding to five a self-<loped, sulfonated, protonatcd forms of the 
emeraldine oxidative state of polyanilinc, the compound I which has a 
conductivity of ^0.5 S/cm. This polymer can be regarded as being formed by 
the hypothetical^ initial formation of the strong acid, shown as structure b in 
Fig- G, which then immediately protonatcs the imine nitrogen atoms to give the 
conducting polymer in an entirely analogous manner to strong acids such as TICK 
Treatment of the structure b compound with on aqueous (ammonium) base yields 
the sulfonated, non-protonated insulating ammonium salt forms analogous to 
emeraldine base, viz, the structure c compound shown in Fig 6. 

With respect to the above structure, sulfation occurs preferentially in 

^ alternating rings and that under the present experimental conditions, only half 
the rings were sulfonated. This is consistent with the increased stability of the 
semiquinonc form- Further sulfonation and consequently double protonation of 
nitrogen atoms convert some or the -<NII)-to-(Nn2 + )- and hence reduce the 
conjugation of the polymer. The FTTR spectrum shown in Fig. 1 of the self- 

^ doped polyaniline, the compound I, is consistent with the presence of -S03_ 
groups alternated to the aromatic rings, m shows absorption maxima of out of 
plane bending of aromatic hydrogens at 320 and 870cm" 1 are indicative of 1, 2, 4 
trisubstitutents on the rings. The absorptions are not present in the 1, 2 
disubstitutcd emeraldine base from which the compound I was synthesized. 
Absorption peaks at 1080, 700 and 590cm"l are consistent with the presence of 
SO 3" groups. 

The conductivity of the compound I (o-^0.5 S/cm) is similar to that or 
emeraldine hydrochloride measured under the same experimental conditions 
(« 1- 5S/cm; laboratory air), but lower than that* — 13S/cm of high molecular 
weight emeraldine hydrochloride. The self-doped sulfonated polyaniline with 
emeraldine oxidative state differs dramatically from nonexternally doped 
polyaniline in conductivity. Since sulfonic acid is a strong acid, approximately as 
strong as hydrochloric acid, the compound 1 is capable of doping itself. Pressed 
pellets of the dark green self-doped compound I had a room temperature 
35 conductivity of ~ 0.5S/cm in contrast to the purple color and insulating behavior 
of polyaniline emeraldine base form. However, the conductivity of compound I is 
lower than that of emeraldine hydrochloride pressed pellets; analogy with earlier 
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study of poly(o-toluidine), the lower conductivity is in accord with increased 
conduction electron localization induced by the side chain effects of -S03*\ 

The solubility of the compound I also differs markedly from that of the 
corresponding polyanilinc polymer. The compound I dissolves completely in 
aqueous 0.1M NII4OH or NaOH to give a blue-violet solution while polyaniline 
washed with such solvent converts to the insoluble base form. The compound I 
partially dissolves in NMP to form a blue color solution and as well as DMSO 
(dimethyl sulfoxide) to show green color. Treatment of the self-doped 
polyaniline, compound I, with an aqueous base proceeds consequently to the 
deprotonation of the backbone of the polymer to form the structure 
corresponding to emeraldine base, as shown in the reaction A. or reaction D 
depicted in Fig. 7. 

The deprotonation results in a 0 or 10 order of magnitude decrease in 
conductivity. Compound I differs from emeraldine hydrochloride in that it is 
soluble in aqueous 0.1 M NII4OH and NaOH. 

Dased on solid state * 3 C NMR studies, [T. Iljertberfc, W.R. Salaneck, I. 
Lnndstrom, N.L. D. Somasiri and A.G. MacDiarmid, J. Dlymcr Sci; Polym. Lett. 
Ed., 23 (1985) 503] it has been reported that adjacent phenyl rings of the 
emeraldine backbone are noncoplanar. Introduction of sulfonic acid groups on 
phenyl rings of the polyaniline backbone can be expected to increase the 
torsional angle between adjacent rings to relieve steric strain. 

Comparisons of the electronic absorption spectra of the compound I and 
emeraldine base provide insight into changes in the molecular geometry caused 
by the sulfonic group-substitution on the polyaniline backbone. Steric effects 
are considered in the interpretation of the electronic absorption spectra of the 
sulfonated polyanilinc. In order to compare the feature of the electronic spectra 
of the self-doped polymer (compound I) and emeraldine hydrochloride, their 
spectra are given in Fig. 2. The high energy absorption band at 320nm(3.88eV) 
and 326nm(3.81eV) for compound I and emeraldine hydrochloride, respectively, is 
assigned to the pi-pi* transition based on earlier experimental and theoretical 
studies. The other two absorption bands at 435nm(2.38eV) and 850nm(1.46eV) for 
the compound I, 413nm(300eV) and 826nm(1.50eV) for emeraldine hydrochloride, 
have been assigned to the optical absorption of the metallic polaron band of the 
salt form. The hypsochromic shift of the pi-pi* transition in going from 
emeraldine hydrochloride to compound I is again in accord with decreased extent 
of conjugation caused by increased phenyl ring torsion angle which results from 
steric repulsion between the -S03~ groups and hydrogens on the adjacent phenyl 
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rings. The bnthochromic shift of the polaron band transition is also in agreement 
with relative energy band shifts expected for increased ring torsion angles. 

Temperature dependent electron spin resonance studies show a ^0.4G 
peak to peak lincwidth for compound I at room temperature similar in intensity 
to that of emeraldine salt. This result support that compound I is in the 
polysemiquinone (polnron energy band) state. 

Redox Properties: The color of n sulfonated polynniline film on Pt 
electrode in IM I1C1 electrolyte was changed by varying the applied potential. 
These color changes were similar to those of polyonilinc under the same 
conditions. When the potential was scanned between -0.2 to 0.5V vs Ag/AgCl a 
pair of redox peaks were found for sulfonated polyaniline electrode as seen in 
Fig. 3. The polymer was initially transparent yellow at -0.2V (reduced state) 
and changed to n green color at 0.5V. The earlier studies of polynniline showed 
that repeated potential cycling between -0.2 nnd 0.5V vs SCE in IM ZnCl + 0.5M 
(NH) 4 C1 could be performed without causing degradation of the polymer. In a 
potential scan range between -0.2 and 0.GV vs SCE in IM HC1 polynniline film is 
fairly stable and the shape of the voltammogroms changed little during 5 x 10$ 
cycles. A similar stability was observed for sulfonated polyaniline, the 
voltammogroms of film in IM I-IC1 remained almost the same after 48 hr. scan in 
the range of -0.2 and 0.GV with the scon rate 50 mV/s (approximately 5,000 
cycles). The typical cyclic voltammogroms of sulfonated polyaniline polymer 
films in IM IIC1 exhibited a sharp anodic peak at 0.35V with AEp/2 
approximately 0.1 0V and a broad cathodic peak at 0.24V with AEp/2 ^0.14V. 

The higher oxidative potential of the first anodic peak of sulfonated 
polyaniline as compared with that of polyaniline is expected due to the steric and 
electronic effects of -S0 3 I1 function group in IM IIC1. Steric effect of short 
range forces from ortho substituting -SO3II changes the basicity of the amino 
group. These forces may be steric compression exerted in different degrees in 
the emeraldine forms of the polymer backbone and a pressure-produced twisting 
of the amine or imine groups with a consequent (partial) breakdown of the 
conjugation, and therefore a modification of the mesomeric effect on basic 
strength of amine or imine groups. 

Introduction of a -SO3II group on phenyl rings and consequent increase in 
35 the torsion angle will decrease the degree of orbital overlap between the phenyl 
pi-electrons and the nitrogen lone pairs. This decreases the extent of pi- 
conjugation nnd raises the energy of the half-oxidized semiquinonc cation 
radicals. This lower thermodynamic stability of the half-oxidized semiquinone 
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results in difficulty for fully reduced polymer to be oxidized at the first anodic 
process. As a consequence, this increases the oxidation potential of the 
polyamine form of the sulfonotcd polyaniline. In addition, Flurschcin first 
pointed out that all ortho-subtituents reduce the basic strength of the primary 
aniline bases* This also can be expected for the sulfonated polyaniline reduced 
leucoemeraldine form. At the first anodic peak, the leucoemeraldine base form 
of sulfonated polyaniline is transformed to the ionic self-doped emeraldine salt 
form. The acidic center of the emeraldine salt form of sulfonated polyaniline, 
being strongly solvnted, would likely have a larger effective volume than the 
groups in the neutral base. As a consequence of this there is an increased steric 
compression that should increase the relative thermodynamic stability of the 
base. That is, it should make the base weaker, or its conjugate acid stronger. In 
other words, higher oxidative potential than polyaniline. Because of poor 
conjugation of -SO3II with nitrogen lone pair electrons during the first oxidizing 
process, the steric effect is a dominant factor. 

The situation is different at the second anodic process which had an anodic 
peak at 0.76V in 1M HCl. During this oxidation process the half-oxidized 
semiquinone cation radicals are further oxidized into the (nonprotonated) 
quinonediimine (pemigranilinc form) which may be facilitated by the formation 
of two, sp 2 -hybridized nitrogen. Some of the steric strain may be relieved by 
the wider C-N=C bond angles at the quinoid groups than the benzenoid ones. 
However, the better conjugation of lone pairs at nitrogen atoms with pi- 
electrons on phenyl rings as well as. the electron withdrawing property of -SO3H 
lowers the electron density on the nitrogen atoms. These effects raise the 
energy of forming fully-oxidized semiquinone dication radicals. The oxidative 
potential for the second redox process is similar to that of the parent 
polyaniline. In the second anodic process, the electron-withdrawing property of - 
SO3II is more important than the steric effect since the poly(o-toluidine) has 
similar steric repulsions yet lower oxidative potential due to the electron- 
donating property of methyl group. 

When sulfonated polyaniline film was scanned between a potential -0.2 to 
0.9V in 1M IIC1, as r>een in Fig. 3, two distinct pairs of redox peaks are found. 
The second anodic peak is at 0.75V for sulfonated polyaniline, which is similar to 
that of parent polyaniline (0.75V vs Ag/AgCl). The implication is that the 
leucoemeraldine form of sulfonated polyaniline is more bxida tively stable than 
its parent polyaniline. The cyclic voltammogram behavior of sulfonated 
polyaniline in 1M IIC1 electrolyte showed good stability in air. However, once 
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the potential was higher than 0.8V a third anodic peak appeared between two 
previous peaks. This is due to the degradation of the sulfonated polyaniiinc 
polymer. In the high potential region the polymer degraded in the aqueous 
g solution of IIC1 forming p-benzoquinone or hydroquinonc by hydrolysis or 
overoxidizcd polymers. The rate of degradation was strongly dependent on the 
applied potentials. 

The scan rate dependence of the current peak of polymer film indicates 
that the electron transfer through the film is fast. The first anodic peak current 

^ shown in Fig. 3 exhibits a linear relationship with a scan rate v. The relationship 
is linear between i p and v at least up to a scan rate or 2000mV/s, as seen in Fig. 
4, as expected for the reaction of surface localized materials. These redox 
reactions are faster than polyaniiinc due to the sulfonic group on phenyl rings. 
For polyaniiinc there arc no counterions in the backbone of neutral polymer. 

is During clcctrochcmicnlly cycling between two difrercnt oxidation slates (i.e., 
doping and dedoping), the counterions must migrate into the polymer durin- 
doping process and ditfuse out of polymer in dedoping process in order to 
compensate the charge. This solid-state diffusion process is often the rate 
limiting step in the kinetics. However, because of -S0 3 n group in the backbones 

2Q of the sulfonated polyaniline polymer, when positive charge is introduced into 
the pi-elcctron system (doping or oxidizing), the system con be compensated by 
proton migrating out of the polymer from the -S0 3 H group leaving the negative 
charged counterions behind the backbones of the polymer. This is illustrated in 
the scheme as shown in Fig. 8, (1), (2). 

25 From (1) to (2) II + migrated out of polymer instead of CP disused into the 

polymer. Since the proton is the smallest ion with the highest mobility, the 
sulfonated polyaniiinc is expected to have a faster kinetic process than that of 
polyaniiinc. 

Dependence of Peak Positions on pll: For the reversible redox reaction, 
3 0 AH m ^ A( m -")-+nc-+mn + 

The corresponding Ncrnst equation is: 

ny — 
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at 25°C. 

It clearly shows that in a reaction in which the proton is involved the 
reduction potential is dependent on pTI. If the pll is changed in a system with a 
given fixed ratio of A(m-n)- and AII m , then a plot of E1/2 vs pH will give a 
5 straight line with the slope -0.059m/n V, or -59m/n mV per pll unit. If the 
numbers or protons and electrons involved in this redox reaction are equal, say 
All = A + II* + c~, the slope of the line will be -59m V per pll unit. However, if 
the process is as AII 2 + = A + 2II + + c, where the number of protons liberated is 
twice the number of electrons involved, an analogous plot would have a slope oT 
10 59 x 2/1 = H8(mV) per pll unit. 

Fig. 5 shows the potential dependence of the first and second redox 
processes of sulfonated polyaniline on pH (pH range from -0.2cal to 5). In 
contrast with polyaniline, in which the first redox process is independent on the 
^ pll in such range (though it is dependent on pH at lower pll levels), the potential 
of the first redox process of sulfonated polyaniline was linearly changed with the 
pll values with the slope of ~59mV/pII due to the active protons in -SO3II 
function group. This is consistent with the redox scheme shown in Fig. 8, (I), (2). 

At the second redox process, however, the position of the Ey 2 changed 
^ linearly with pll with the slope of 120mV/pH, twice as large as the first one with 
respect to the pll values. This suggests the redox process as (3)>— (5) shown in 
Fig. 8 with an electronic state at 0.76V similar to that of the pernigraniline form 
for polyaniline. 

Compared with polyaniline, the second redox process of sulfonated 
^ polyaniline has a similar pll dependence as polyaniline due to the same backbone 
structure, however, its first redox process behaves differently from polyaniline 
in pll range -0.2 to 7 because of active protons on the polyaniline backbone. 

The present invention thus discloses that sulfonated polyaniline can be 
synthesized chemically. Elemental analyses and FTIR data suggest that, 
^ depending on the sulfohation times and temperatures, the number of -SO3II 
groups per phenyl ring varied from 0.2 to 1.0. The conductivity is independent of 
pll in the range of pll values smaller than or equal to 7. The cyclic 
voltammograms of sulfonated polyaniline consist of two pairs of well resolved 
redox peaks corresponding to the conversion of amine nitrogen to scmiquinonc 
^ (polaron) and or the polaron to bipolaron (or iminc nitrogen), respectively. Two 
effects, steric and electronic, are associated with the sulfonic substituent. The 
steric effect Is largely responsible Tor: (1) the decrease in the conductivity? (2) 
the hypsochromic shifts of the pi - pi* transition band in UV-region; and (3) the 
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increase in the thermodynamic stability of the amine nitrogen base as compared 
with the parent polyaniline. The electronic effect is mainly responsbile for- (1) 
independence of the conductivity on the pll; (2) dependence of the first redox 
process on pH; and (3) the decrease in the basicity of the imine species of the 
sulfonated polyaniline. 

The present invention further relates to the uses of the sulfonated 
polyaniline compositions and their derivatives in electronic, electrochemical, 
chemical, and optical applications. The sulfonated polyaniline compositions 
w have a more rapid electrochemical response than polyaniline. The ability of the 
sulfonated polyaniline compositions to have a f„ st switching speed between a 
conducting and a nonconducting state with good reversibility makes such 
compositions attractive polymers to use for a variety of electrochemical 
applications. 

w Applications contemplated by the present invention include but are not 

limited to the use of sulfonated polyaniline compositions for elecrochromic 
displays where the composition's active response to a voltage step allows for a 
rapid change in color. Another application involves the use of sulfonated 
polyaniline compositions in active electronic devices such as switches and 

2Q transistors. Yet other applications involve the use of sulfonated polyaniline 
compositions for charge storage or rechargeable battery applications since the 
sulfonated polyaniline compositions have excellent chemical stability alon«r with 
good reversibility properties. The sulfonated polyaniline compositions are also 
useful as chemical sensors, wherein exposure lo bases, acids, water and the like 

^ reactive chemicals causes a change in color of the composition and a change in 
the conductivity of the composition. 

The solubility and the electrical conductivity of the sulfonated polyaniline 
compositions makes such compositions especially useful in still other 
applications. For example, other applications contemplated by the present 

3Q invention are the uses of sulfonated polyaniline compositions as discharge layers 
for an electron beam lithography process and in use in forming patterns by such 
process. Still other applications include the use of sulfonated polyaniline 
compositions as electeical conductors^ither in pure form or blended with other 
polymers such as KevlarQPnnd Nylon®, for use as a medium for electrostatic 

^ discharge in, for example device housings, and bulk coverings such as carpets and 
fabrics. 

The sulfonated polyaniline compositions can be coated by a variety of 
techniques onto substrates of choice. The sulfonated polyaniline polymers can be 
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applied to substrates according to the present invention by spray coating, dip 
coating, spin casting, transfer roll coating, brush-on coating, and the like. The 
sulfonated polyaniline polymers can also be elcctrochemically deposited onto 
conductive substrates by known electrochemical deposition techniques. 

Sulfonated polyaniline can also be entrained within a matrix of, or 
copolymerized with, other polymer materials to thereby produce a blend or a 
composite. Thus, sulfonated polyaniline could be dispersed in, for example, 
polyethylene, polyimide, cellulose nitrate, and the like, and also can be coated 
onto fibrous materials. The sulfonated polyaniline compositions can be used with 
other insulating polymers to form conductive thermosetting resins, cpoxies, and 
thermoplastics, and reacted with bismaleimides for use in forming, for example, 
such devices as conductive seals, joints and moldings. In addition, derivatization 
of the sulfonated polyaniline compositions can enhance compatibility and 
proccssabiiity of the polymer with other polymers. 

In addition, the sulfonated polyaniline compositions can be cast as thin 
films from a solvent solution, and the solvent evaporated to produce free 
standing films. The sulfonated polyaniline films can be stacked as a composite 
with other sulfonated polyaniline films, with films of sulfonated polyaniline 
copolymerized with another polymer, or with non-polyaniiine polymers and/or 
copolymers. Depending on the desired type and degree of substitution of the 
sulfonated polyaniline with various crosslinkable functional moieties, the films 
produced can be cured in deeper sections, that is, thicker films or articles can 
also be produced by known polymer preparation techniques. 

The sulfonated polyaniline compositions and derivatives thereof have, or 
can be designed to have, desired proccssabiiity in terms of, for example, 
viscosity, flexural strengths, solubility, adhesion to substrates, crosslinking, 
melting point, weight, adaptability to filler loading and the like. This is achieved 
by varying as desired the degree of self-protonation, the state of oxidation, and 
the type and degree of substitucnts on the polymer. Certain substitucnts may be 
preferred for the facilitation of desired processing parameters, such as 
increasing or decreasing solubility, altering extrusion parameters (rheology), 
achieving a specific viscosity, and the like. Derivatization is also useful for 
achieving compatibility with a copolymer, facilitating the tunability of the 
sulfonated polyaniline composition for non-linear optics applications, and for 
specific wavelength absorption, such as microwave attenuation or a particular 
photorcsponsc. 
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In nnothcr aspect of Ihc present invention, the dielectric loss of the 
sulfonated polynniline polymeric compositions can be controlled by the design of 
the chemical composition of the sulfonated polyanilinc polymer, the oxidative 
state of the polymer, and the degree of self-doping or self-pro tonation of the 
polymer. Thus, by the addition of electron-withdrawing or electron-donating 
groups to the nitrogen atoms and/or the Cg rings of the leucoemeraldine, 
emeraldine, or pernigraniline sulfonated polyaniline compositions, the dielectric 
loss tangent can be varied. The dielectric loss tangents can be varied from 10~ 2 
to approximately 20 by varying the form of the sulfonated polyaniline, the 
degree, site and type of substituents. In the prior art, carbon filled silicone 
rubber or carbon filled epoxy paints or carbon bonded to fabric produce non- 
magnetic dielectric losses at microwave frequencies. One embodiment of the 
present invention Tor attaining maximum dielectric loss is the emeraldine salt, 
wherein y is in the range of from approximately 0.4 to 0.G and the protonation is 
approximately one proton per imine nitrogen, i.e., [H + ]/[-N=] is equal to 
approximately one. 

The addition of electron-withdrawing or electron-donating groups to the 
sulfonated polyaniline composition can facilitate the design or a polymeric 
material with desired absorption and transmission bands. The electron- 
withdrawing or electron-donating group con be present on the Cg rings or the 
nitrogen atoms of the sulfonated polyanilinc composition at any desired 
percentage of the available sites. Known electron-donating groups to be 
substituted onto the C G ring and operative in the present invention can include, 
but are not limited to, -OCII 3 , -CII3, -C 2 H 5 , halogens (electron-donating by way 
or a resonance efrect), -NR 2 , -NIICOR, -OH, -O", -SR, -OR, and -OCOR, 
wherein R is a C r C 8 alkyl, aryl or aralkyl. These groups or atoms possess one 
or more unshared electron pairs on the atom adjacent to the ring. Known 
electron-withdrawing groups can include halogens (electron-withdrawing by way 
or an inductive effect), -N0 2 , -COOII, -COOR, -COR, -CIIO, and -CN, wherein 
R is a C r C 8 alkyl, aryl or aralkyl. Thus, the addition or electron-donating 
groups to the rings or sulfonated polyaniline augments the charge derealization. 
The added opportunities Tor resonance stabilization or the pi to pi* excited state 
provided by electron-donating groups cnuses a lowering in the requirement for 
excitation energy, and thus a decreased frequency (longer wavelength) or 
absorption. Conversely, the addition or electron-withdrawing groups diminishes 
the opportunities ror resonance stabilization, causing an increase in the 
requirement for excitation energy, and thus on increased frequency (shorter 
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wavelength) of absorption. Thus, for example, protonation of -NH2 changes it to 
-NH3+; this group no longer has an unshared pair of electrons to participate in 
charge derealization. Alteration of -OH to the ion, -0*", provides further 
opportunity for participation of unshared electrons on oxygen in charge 
5 derealization. Thus, the change of II to NII2 is bathochromic; NII2 to NH3 + is 
hypschromic; OH to 0" is bathochromic; and both of the changes, OH to 
OCOCII3 and Nil to NIICOCII3 (acetylation), are hypsochromic. 

In this manner, a sulfonated polyaniline composition is prepared which 
when produced in a flexible sheet form or when it is coated onto a flexible 

^ substrate can be used to absorb electromagnetic radiation. Thus, a means of 
rendering an object undetectable to electromagnetic radiation such as radar is 
produced by the present invention by draping over the object the flexible 
sulfonated polyaniline film or the coated flexible substrate, such as a cloth 
fabric or fishnet. Furthermore, by coating electromagnetic radiation-absorbing 

15 sulfonated polyaniline compositions onto fibers, and then producing woven or 
non-woven fabrics from the coated fibers, cloth or clothing which is radiation 
absorbing can be produced. In another embodiment, fibers of sulfonated 
polyaniline itself or a derivative thereof, or fibers of sulfonated polyaniline 
copolymerizcd with another polymer can be drawn or extruded and subsequently 

20 

woven inta electromagnetic radiation absorbing fabric, garments, coverings, and 
the like. In this manner radar absorbing clothing can be produced. 

Sulfonated polyaniline absorbs electromagnetic radiation in the visible 
spectrum, in the infrared range, and in the ultraviolet range. Thus, the present 
invention further relates to a method of absorbing infrared, visible, or ultraviolet 

25 

waves comprising exposing the sulfonated polyaniline to infrared, visible or 
ultraviolet waves, whereby the infrared, visible, or ultraviolet waves arc 
. absorbed by the sulfonated polyaniline. The present invention also relates to a 
method for absorbing microwave radiation comprising exposing sulfonated 
polyaniline to microwave radiation, whereby the microwave radiation is absorbed 
30 by the sulfonated polyaniline. 

The present invention also relates to a method of electromagnetic 
shielding. A thin film of sulfonated polyaniline within, for example, the walls of 
television sets, computers, electronic machinery, and places for the storage of 
electronic data, such as computer semiconductor memories, will effectively 
absorb continuous and intermittent electromagnetic radiation from wires, coils, 
cathode ray tubes and the like. Protection against unwanted or unknown 
electronic surveillance of rooms can be achieved by the application of 
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polyamline to the walls, floors, and ceiling Similarly, electrical wires can be 
sh.elded by the incorporation of a layer of sulfonated polyaniline material into 
the plastic insulator coating: on the wires with the advantage of grounding and 
static free property. 

In addition, sulfonated polyaniline can be used to make a remote thermal 
switch by exposing the sulfonated polyaniline composition to microwave 
rad,at,on. The sulfonated polyaniline composition absorbs the radiation, which 
heats up the sulfonated polyaniline, which in turn, can trigger a thermocouple 
iQ Ptaced ,n contact with the sulfonated polyaniline composition. Upon removal of 

1 T ^ mICr ° WaVCS * thC SUlf - atcd P-Wline composition will cool and 
cause the thermocouple to switch back. Dy this manner a thermal switch is 
produced. 

The present invention also relates to a sulfonated polyaniline composition 
is absorbmg electromagnetic radiation, wherein said electromagnetic radiation 
possess a wavelength generally in the range of from about 1000 Angstroms to 
about 50 meters, wherein the composition comprises a sulfonated polyaniline 
compos,t,on of the formula I, above, or a protonated salt thereof, where y is in 
he range of approximately 0.2 to 0.8, and the degree of pronation, i.e., 
2Q IH J/[-N=], varies from 0 through 1. 

subs ZT TT lnVCnti ° n fUrthCr rC,atCS t0 0 mCth0d ° f ™W to a 
substrate whu* .comprising the steps of: (a) applying to a substrate a microwave 

radat,on-absorb,ng sulfonated polyaniline composition, or a partially self- 

protonated salt thereof; and Co) exposing the microwave radiation-absorbing 

^ sulfonated polyaniline composition, for example, a partially self-protonated salt 
hereof to microwave radiation, whereby the microwave radiation-absorbing 
sulfonated polyaniline composition, or the partially self-protonated salt thereof 
absort* the microwave radiation, resulting in the generation of thermal energy' 
w.th.n the sulfonated polyaniline composition. This heat can be localized 

3Q trans erred from the sulfonated polyaniline composition or the salt to a substrate 
and utd.zed to accomplish desired results, such as, but not limited to, Joinin, of 
nmtennls. Thus, two materials which have been placed in contact or close 
prox.m.ty with each other and in contact with a sulfonated polyaniline 
compos,t,on can be adhered to each other upon the exposure of the sulfonated 

35 polyamhne composition to sufficient microwave radiation to heat and thus melt 
or at least soften at least one of the materials to enable fusing. The frequency, 
durat,on and/or mtensity of the microwave radiation necessary to achieve the 
des.red adhesion of the two materials will vary depending on the nature of the 
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materials to be adhered and on the degree and type of protonation and/or 
substitution, if any, on the sulfonated polyaniline. The preferred frequency of 
the microwave radiation to be absorbed by the sulfonated polyaniline 
compositions to thereby induce localized heating is from about 10 9 ITz to about 
10U Hz. The sulfonated polyaniline composition can be applied to one or both of 
the materials in any pattern, such as a grid pattern, stripes, spots, or the like as 
desired. The sulfonated polyaniline can be applied via solution coating, adhesion 
of films, vapor deposition, extrusion of gels containing sulfonate polyaniline and 
other known application techniques. 

In one embodiment of the present invention directed toward the adhering 
of two or more materials by the absorption of microwave radiation by sulfonated 
polyaniline, at least one of the materials to be adhered is a plastic. In another 
embodiment, one of the materials to be adhered is a silicate-containing material, 
such as, for example quartz or glass. In this manner, a plostic can be adhered to 
a glass fiber, such as an optical fiber, by means of exposure of the sulfonated 
polyaniline to microwave radiation. 

Sulfonated polyaniline compositions can also be utilized to absorb radar 
waves possessing a wavelength in the general range of from about 0.01cm to 
about 100cm. The absorption of radar waves by the sulfonated polyaniline 
composition assists in rendering objects coated with the sulfonated polyaniline 
composition relatively invisible to radar detection. Therefore, the instant 
invention further relates to a method for absorbing radar waves comprising 
exposing a sulfonated polyaniline composition or a partially protonatcd salt 
thereof to radar waves whereby the sulfonated polyaniline composition or the 
salt thereof absorbs at least some of the radar waves. The invention further 
relates to a method for reducing the dctectability by radar of an object 
comprising applying to the object a sulfonated polyaniline composition or a 
partially self-pro tona ted salt thereof in an amount sufficient to absorb at least 
some, and perferrably all, radar radiation to which the object may be exposed. 

In one embodiment of the method for reducing the dctectability by radar of 
an object it is desirable to coat the object in such a way as to produce a gradient 
of absorption to minimize reflectance. Such a gradient of sulfonated polyaniline 
material can be achieved by varying the degree of self-protonation of the 
polymer or the degree of substitution oh cither the Cg ring or the nitrogen atoms 
or both with a chemical substituent such that an incoming radar beam first 
encounters a sulfonated polyaniline composition with little or no self- 
protonation, i.e., a material with limited absorption of radiation. As the beam 
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further advances along the gradient of sulfonated polyaniline material covering 
the object, the beam encounters sulfonated polyaniline polymer with continually 
increasing degrees of self-protonotion, and hence increasing degrees of 
electromagnetic absorption. The gradient of self-pro tonation can be controlled 
5 through the gradient of suifonation. In this manner, little or no reflection of the 
beam is produced and the object is not detectable by a radar wave reflection. 

The present invention further relates to a method of electrochemical 
switching of the polymeric state of a sulfonated polyaniline composition. By 
contacting the sulfonated polyaniline composition with an electrolyte, 

10 electrochemical switching of the polymeric state can be significantly 
accelerated, being accomplished on a time scale of approximately 10" 5 seconds. 
By contacting the sulfonated polyaniline composition with a solid electrolyte, 
electrochemical switching or the polymeric state can be even further 
accelerated, being accomplished on a time scale of less than approximately 10"? 
seconds particularly since only protons need migrate in the sulfonated polyaniline 
compositions. For electromagnetic radiation absorption, such as the absorption 
of microwave radiation, electrochemical switching of the polymeric state can 
turn the polymeric material from radiation transparent to radiation absorbing, or 

^ vice versa, depending on the nature and direction of the electrochemical 
switching. For non-linear optics, electrochemical switching can change the 
important absorption and/or transmission bands for the probe and modulator 
beams, such as for example, in switching from the emeraldine base form to the 
emeraldinc salt Torm of sulfonated polyaniline. The range of the absorption 

^ bands for the base and the salt can be shifted bnthochromically (i.e., shifted to 
longer wavelengths) or hypsochromically (i.e., shifted to shorter wavelengths) as 
may be desired according to the characteristics of the available probe beam, the 
available modulator beam, or the available detector or sensor, or any 
• combination thereof. 

^ Sulfonated polyaniline compositions can also be used as a photoactive 

switch by manipulation or the index of refraction of the sulfonated polyaniline 
compositions. The extremely rapid photoresponse of the sulfonated polyaniline 
polymer, makes such polymer useful in nonlinear optical devices. The time 
dependence of the photo bleaching of the polymer is on the order of picoseconds. 

^ For example, the application of a laser beam of wavelength G200 Angstroms 
(2.0eV) to sulfonated polyaniline polymer produces significant photoinduced 
bleaching (i.e., increased transmission) in brond energy bands of 8,2G5 Angstroms 
to 4,590 Angstroms (approximately I.5eV to 2.7eV) and again at 3,7G0 Angstroms 
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to 2,880 Angstroms (approximately 3.3eV to 4.3eV). Simultaneously laser beam 
photoinduced absorption (i.e., decreased transmission) for sulfonated polyaniline 
occurs at 24,800 Angstroms to 8,205 Angstroms (approximately 0.5c V to 1.5eV) 
and from 4,590 Angstroms to 3,760 Angstroms (2.7cV to 3.3eV). Photoinduced 

5 absorption and bleaching occur in sulfonated polyaniline compositions in less than 
10-12 seconds. These photoinduced changes in absorption correspond to changes 
in the index of refraction at these wavelengths. These changes in optical 
constants have broad application in nonlinear optical signal processing and 
optical communications, which according to the present invention, are useful as 

1° means to switch, modulate, multiplex, focus, and provide optical bistabllity for 

commercial systems. 

Sulfonated polyaniline is therefore useful in nonlinear optical signal 
processing. For example, a thin film coating of sulfonated polynniline can be 
applied to a phototransmissive substrate. In one embodiment of the present 
15 invention, a probe beam of light of a given wavelength is then propagated 
through the noncoated side of the substrate onto the coating at the critical angle 
to the sulfonated polyaniline such that the probe beam is wave-guided in the 
phototransmissive substrate. To activate the desired switching property of the 
sulfonated polyaniline coating, n pump beam of light, also called a modulator, of 
20 a different wavelength or some wavelength is applied to the coating through the 
coated or noncoated side of the substrate at a second angle such that the index 
or refraction of the sulfonated polyaniline composition is changed by the 
absorption by the sulfonated polyaniline of the electromagnetic radiation of the 
modulator beam. The wavelength of the modulator beam can vary widely, but is 
25 preferably within the range of from about 8265 Angstroms (1.5eV) to about 4590 
Angstroms (2.7cV). The change in the refractive index of the sulfonated 
polyaniline composition coating alters the trnnsmissive property of the 
sulfonated polyaniline and allows the probe beam to be refracted or otherwise 
modified by the sulfonated polyaniline coating. This refraction or other 
30 modification or the probe beam con, for example, be used to trigger a photocell, 
initiate or terminate an optical signal, encode information on the probe beam, or 
the like. By these means is produced a low cost* stable means or optical signal 
processing. 

In an alternative embodiment, the beam to be modulated is refracted by 
35 the phototransmissive substrate and reflected off the sulfonated polyaniline 
coating on the backside of the substrate such that the beam is then reflected 
repeatedly between the front side of the substrate and the sulfonated polyaniline 
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to 2,880 Angstroms, 3.30 to 4.30eV. For pernigraniline base, the preferred probe 
and modulator wavelength are similar to those of emcraldine base. 

The photoswitching phenomenon can, according to the present invention, 
also be used to couple a light signal from one optical fiber to another optical 
5 fiber. The two optical fibers are positioned in close contact with each other and 
with a thin film of sulfonated polyaniline composition between them. The 
sulfonated polyaniline composition is then exposed to a modulating beam. The 
modulating beam changes the index of refraction of the sulfonated polyaniline 
such that "crosstalk" between two optical fibers is obtained. This allows the 

10 optical signal within either of .the optical fibers to be coupled to the other fiber 
as desired, but without permanent physical alteration of either fiber. In 
addition, the coupling can be turned on and off as desired by the manipulation of 
the index of refraction and, because of the very rapid photorespbnse rate of the 
sulfonated polyaniline polymer, the refractive index can be altered and coupling 

15 achieved at gigahertz to terrahertz rates. 

In yet another embodiment of the present invention the sulfonated 
polyaniline composition can itself be utilized simultaneously as the 
photo transmissive material and a photoswitch without a photo transmissive 
substrate. Thus, a free standing sulfonated polyaniline polymer can be exposed 

20 

to a first beam of light which will be transmitted through the sulfonated 
polyaniline with some attenuation. When the polymer is exposed to a second or 
modulator beam the refractive index and absorption coefficient of the sulfonated 
polyaniline polymer are altered, changing the intensity and angle of 'refraction of 
the beam transmitted through the polymer. 

25 

Another embodiment of the present invention is the use of sulfonated 
polyaniline compositions as a masking material over ultraviolet-curable polymers 
in the fabrication of positive resist and negative resist microelectronic devices 
and circuits. In the fabrication of certain positive resist and negative resist 
microelectronic devices and circuits, radiation curable polymers are deposited on 
30 conductive or semiconductive surfaces, such as silicon or doped silicon. A 
circuit pattern is then applied by means of photolithographic techniques and 
covered by ultraviolet-curable polymers in certain desired patterns. Ultraviolet 
radiation Ls then applied to the polymers to cure certain portions, after which 
the uncured portions are removed by solvent rinsing, for example. In this 
manner, patterns of cured polymer are provided on the conductive or 
semiconductive surfaces. By the present invention, sulfonated polyaniline can be 
applied to the curable polymer in a predetermined pattern stich that the polymer 
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bcncath the sulfonated polyaniline pattern is desired to remain uncured upon 
exposure of the coated device or circuit to radiation. When the polymer is 
exposed to the radiation, the sulfonated polyaniline would absorb the ultraviolet 
radiation to thereby mask the polymer and prevent the cure in certain locations 
of the curable polymer beneath. 

Thus, the present invention relates to a method for masking a radiation 
curable polymer applied to an electronic circuit or device comprising the steps 
of (a) applying a radiation-curable polymer or prepolymer to an electronic device 
or circuit; (b) applying to the radiation-curable polymer or prepolymer a 
sulfonated polyaniline composition; (c) exposing the device or circuit with the 
curable polymer or prepolymer and the sulfonated polyaniline composition to 
radiation sufficient to cure the curable polymer or prepolymer and whereby the 
sulfonated polyaniline composition absorbs some of the ultraviolet radiation; and 

^ (d) removing the sulfonated polyaniline and any uncured curable polymer or 
prepolymer. In a preferred embodiment of the invention, the curable polymer or 
prepolymer and the sulfonated polyaniline are independently deposited onto the 
surface or the electronic device or circuit by means of a solvent solution of each 
material, followed by the evaporation of the solvent. Dy "cure" herein is meant 

^ sufficient coreaction and/or crosslinking reactions have taken place to render 
the material a solid not easily removed by solvent. 

The present invention further relates to various devices such as optical 
devices and microwave devices which utilize the features, characteristics and 
properties of the sulfonated polyaniline compounds which are described above. 

^ The optical devices are useful in a range of electromagnetic spectrum at or 

near what is commonly referred to as light. These devices utilize the fact that 
the index of refraction of the sulfonated polyaniline compounds may be 
controlled by varying the intensity and wavelength of light radiated upon the 
sulfonated polyaniline compound. Thus, a pumping or modulating light at one or 

^ a broad band of frequencies may be used to modulate the index or refraction of 
the sulfonated polyaniline compound and thereby modulate light at another 
frequency. For example, this can be used for the coupling of the modulated light 
from one light trnnsmissive medium to another or modulating its angle of 
departure from an interface between two light transmitting media. The spectral 

^ response of this photo efrect is substantially changed as the compounds are more 
fully self-protonated. 

The present invention also relates to devices which can operate as various 
types or light valves, as a phase velocity modulator and for controlling the angle 
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of emission of a light beam. The light valves may be light switches turning the 
modulated beam on op off or variable valves which permit the intensity of the 
modulated light beam to be varied continuously over a range by varying the 
intensity of the modulating light beam. In a valve the modulating light beam 
5 pumps the electrons into higher energy bands causing the critical angle for a 
light beam incident upon an interface to be increased for some frequency bands 
and decreased for other bands as the intensity of the pump or modulating light 
increases. 

Fig. 9 illustrates one such device. It has a substrate supporting a 
10 sulfonated polyaniline mass in the form of a film bonded to the substrate. The 
interface between the sulfonated polyaniline film and the air will have a critical 
angle of, for example, CI when a modulating light does not pump the sulfonated 
polyaniline film and a critical angle C2 when the modulating light is intense. 
The angles are greatly exaggerated for illustration. In this example when the 
15 modulating light does not pump the sulfonated polyaniline film, a light beam 
which is incident upon the sulfonated polyaniline film at an angle greater than 
the critical angle CI will not be substantially transmitted into the film but 
instead will be reflected along a path. However, when the modulating beam is 
turned on for pumping, the critical angle increases to angle C2 thus permitting 
20 the coupling of light from the beam into the film. 

The critical angle is increased by an increase in the intensity of the 
modulating beam for some frequency ranges of incident modulated light and is 
decreased for others. Thus, the illustration of Fig. 9 continues to be accurate 
for all events. However, for some frequencies of incident, modulated beam, the 
critical angle when the sulfonated polyaniline is not pumped is the greater angle 
and then decreases to CI as pumping energy is increased. 

The result is that the incident light beam is always substantially equal to 
the critical angle being cither slightly greater or lesser than the precise critical 
angle depending upon the incident beam frequency. Thus, the structure can be 
used to that increasing the intcasity of the pumping, modulating beam will turn 
off the coupling of light from one transmission medium to another for some 
optical bands while turning on the coupling for other bands. 

Fig. 10 illustrates a structure utilizing the same principles as illustrated in 
Fig. 9 but for coupling the light from a sulfonated polyaniline film into another 
light transmissive substrate. However, in the structure of Fig. 9, the interface 
at which the critical angle is important is the interface between the sulfonated 
polyaniline film and the light transmissive substrate. Thus, in the embodiment of 



30 



35 



WO 91/05979 



PCT/US90/05900 



-34- 



10 



15 



Fig. 10 on incident light beam must be incident at an angle such that after it 
enters the sulfonated polyoniline film and is refracted along a different path it 
will approach the interface between the sulfonated polyaniline film and the 
transmissive substrate at substantially the critical angle, being greater or lesser 
than the critical angle by a smaller amount in accordance with the principles 
described in connection with Fig. 9. The coupling of light from the sulfonated 
polyaniline layer to the substrate layer is thus controlled by a modulating light. 
From the above description it is apparent that a beam in the opposite direction 
may also be similarly controlled. 

Fig. 11 illustrates another embodiment similar to the embodiment or Figs. 
9 and 10. In Fig. 11, however, an optical Tiber light conductor has a sulfonated 
polyaniline layer upon at least a portion of its outer longitudinal surface. In this 
manner a pumping light can control the coupling of an incident light beam into 
the optical fiber light conductor. 

Fig. 12 illustrates an optical fiber having an endface which is lapped at 
substantially the critical angle Tor the interface between the optical fiber and a 
sulfonated polyaniline film coated on the lapped endface. An incident light beam 
may be directed upon the sulfonated polyaniline film parallel to the longitudinal 
optical axis of the optical fiber. The device operates on the same principles 
described in connection with Figs. 9 nnd 10 except the light beam when coupled 
into the optical fiber enters along the longitudinal optical axis. 

Figs. 13 nnd 14 illustrate yet another device in which a pair or optical 
fibers arc controllably coupled together by an interposed suironated polyaniline 
film joining the two fibers. Together these form three light conducting media. 
An input light beam propagating along the first fiber enters the region along 
which the sulfonated polyaniline is distributed. The coupling of light into the 
sulfonated polyaniline and into the second optical fiber is controlled by a 
pumping beam so that some of the light from input light is coupled into the 
second optical fiber to provide an output light. Fig. 15 illustrates a Mach 
Zehnder interferometer made up of light conductors in which an input light beam 
arrives in an optical fiber and is divided into a first branch and a second branch. 
These two branches are recombined at the optical output fiber. In accordance 
with the principles of the prior art Mach Zehnder interferometer, ir the two 
3s beams arrive in phase in the output fiber they constructively interfere and the 
light beam and any associated signal continues along the path. However, if the 
beams destructively interfere, the light beam is destroyed. Dy variably 
controlling or altering the phase velocity through the second branch, the relative 
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phases of thp two light signals rccombining nt output optical fiber may be 
controllably varied between constructive and destructive interference. 

While the Mnch Zehndcr interferometer is old and known, we have found n 
new manner or controlling the phase velocity in the second branch. The second 
5 branch is coated with a layer of the photo responsive sulfonated polyaniline film. 
A variable intensity pumping light for modulating the index of refraction of that 
layer is used to control the phase velocity of the light through the second branch. 
Thus, varying the intensity of the modulating or pumping light changes the phase 
velocity in the second branch and therefore changes the phase relationship 

10 between the two arriving signals in the output fiber. 

The microwave devices of the present invention arise because we have 
discovered that a highly self-protonated erneraldine salt polymer has n high 
dielectric loss which we attribute to its combination of a modest conductivity 

^ and n high dielectric constant. The loss tangent, a quantitative indication of the 
energy loss in the polymer, is a function of the self-protonation level of the 
polymer and increase as the self-protonation level increases reaching a maximum 
at complete 50% protonation. Very importantly, the self-protonation level may 
be controlled as described above in the synthesizing of the material and also may 
be varied by changing the potential by means of an electrochemical cell. This 

20 

permits the polymers to be made with a variety of selected loss tangents and 
further permits the loss tangents of the polymers to be variably controlled in a 
variety of useful devices. For example, the microwave properties may be turned 
on and off or varied over n range. 

In Figs. 16 and 17 a layer of self-protonated sulfonated polyaniline is 
bonded to the interior walls of a wave guide. As the microwave propagates from 
an input end to on output end, it is attenuated in the sulfonated polyaniline layer. 
. This layer may be formed with a continuously changing self-protonation level 
along the propagation axis of the wave guide to provide a selected self- 
protonation gradient and therefore loss gradient between the input end and 
30 - 

output end. This gradient con be contoured to minimize reflections where the 

propagating microwave encounters the transition from an absence of sulfonated 
polyaniline layer to the presence of the layer. Additionally, the layer may be 
rrpomctrically formed to gradually taper to a greater thickness os the microwave 
-? oagates from the input end to the outlet end. 

Fig. 13 illustrates a similar wave guide having a mass of sulfonated 
polyaniline so thot it has a geometrical configuration providing an increase in 
thickness, that is an increase in its cross-sectional area in planes perpendicular 
to the axis of propagation. 
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Fig. 19 illustrates another embodiment of the invention in which the 
sulfonated polyaniline mass is positioned within the interior of a wave guide and 
also extends between its walls. In the interior of the embodiment of Fig. 10 
there is positioned a plurality of laminated layers of sulfonated polyaniline each 
layer having a different self-pro tona ted level. This structure is particularly 
suitable for terminating an end of a wave guide in a manner to prevent 
reflections. Other circuitry may be used to direct unwanted microwave energy, 
for example, into the illustrated wave guide where it can be effectively 
attenuated. In order to minimize reflections, as described above, the layers 
initially encountered by the incoming microwave are the least sclf-protonated so 
they are the less absorptive. The layers become increasingly more sclf- 
protonated and therefore more absorptive as they arc positioned closer to the 
end of the wave guide. Preferably, the average gradient of the variation in self- 
protonation and therefore in the variation in absorption is a monotonically 
increasing function of distance along the propagation axis. 

Referring to Fig. 20, if it is desired to prevent reflections of microwave 
energy from a metallic or other reflective surface, the surface may be coated 
with a sulfonated polyaniline layer which is provided with a self-pro tonat ion 
gradient which increases from near 0% at the exposed outer surface to a much 
greater level, 50% for example, at an interface between the reflection surface 
and the sulfonated polyaniline layer. 

Similarly, as illustrated in Figs. 21, 22 and 23 the sulfonated polyaniline 
absorptive layer may be bonded to the exterior surface of a microwave strip 
conductor. This provides a convenient means for introducing attenuation onto a 
microwave strip conductor used in miniature or integrated circuits while 
minimizing reflections from it. For example, a sulfonated polyaniline layer can 
be synthesized as described above so that it has a variation in its self- 
protonation as a function of its position or distance along the axis of propagation 
of the strip conductor. The self-protonation varies from a minimum self- 
protonation level at its opposite end regions and increasing towards a central 
region to a maximum self-protonation at the central region. 

Fig. 22 illustrates use or sulfonated polyaniline as a terminating absorber 
on an end of a branch of the microwave strip conductor. The sulfonated 
polyaniline layer is formed with a self-protonation gradient extending from a 
minimum self-protonation ut its input end to a maximum self-protonation at its 
terminating end. 
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The gradual variation in the microwave loss tangent so that absorption 
increases gradually from the input end to the opposite end along the propagation 
axis may alternatively be accomplished or may be supplemented by increasing 
the thickness of the sulfonated polyaniline layer to also increase energy 
absorption. 

One major advantage of sulfonated polyaniline materials used in the 
present invention is that their sclf-protonation and therefore their absorption or 
loss tangent may be controlled by an electrical potential. This feature may be 
utilized in many various embodiments of the invention but is illustrated in Fig. 
23. 

Fig. 23 illustrates a microwave strip conductor upon which a sulfonated 
polyaniline layer is positioned of the type illustrated in Fig. 21. The strip may, if 
desired, have a protonntion or a thickness gradient. This layer, because it is also 
conductive, may also serve as one electrode of an electrochemical cell. It is 
connected to a variable potential. The other terminal of the variable potential is 
connected to another electrode of this electrochemical cell. A solid or liquid 
electrolyte is positioned between the electrodes. Thus, the application of the 
variable potential permits the potential of the sulfonated polyaniline to be 
varied, controlling or varying its self-pro to nation as a function of the potential 
and thereby varying its absorption or loss tangent. In this manner, the effect of 
the sulfonated polyaniline layer may be switched on and off by switching the 
sulfonated polyaniline between fully self-pro tona ted and unprotonated states and 
may be varied to intermediate levels of sclf-protonation. 

Fig. 24 illustrates a structure for controlling and varying the self- 
protonation gradient along a microwave strip conductor by forming the 
sulfonated polyaniline layer into a series of discrete segments along the axis of 
propagation of the microwaves. Each individual sulfonated polyaniline segment 
forms an electrode of a separate electrochemical ceil. Each of these cells has a 
second electrode, for example, and an interposed electrolyte like the electrolyte 
in Fig. 23 but separately associated with each individual electrochemical cell. A 
separate potential is applied for controllably varying the potential of each 
discrete segment of sulfonated polyaniline mass along the propagation axis so 
that its loss tangent may be independently varied. Different potentials may be 
applied to each of these discrete cells to controllably contour the self- 
protonation gradient which is desired for particular circumstances. 

Figs. 25 and 26 illustrate embodiments in which a thermally responsive film 
has microwave radiation absorbing self-pro to na ted sulfonated polyaniline 
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polymer in the emeraldine salt state distributed in the thermally responsive film* 

The term "distributed" is intended to include the various chemical techniques for 

distributing the active materials in a thermally responsive film material, this 

includes dispersing and copolymerization. This distribution of the microwave 

5 radiation absorbing polymer in the thermally responsive film permits the film to 

be activated by microwave energy rather than by radiation with infrared energy. 

This is particularly useful in electrically insula tive environments in which the 

» 

energy may be coupled specifically into the thermally responsive film without 
undue heating of surrounding structure and from a remote source. 
10 For example, if the principal carrier film is a thermally deformable film 

such as thermoplastic film which softens and flows more easily when heated, it 
may be used to form a barrier or closure which can be destroyed from a remote 
position by irradiation with microwave energy. For example, Fig. 25 illustrates a 
conduit having a thermoplastic film with microwave radiation absorbing self- 
protonated sulfonated polyaniline salt polymer distributed within it to form a 
barrier between the conduits. This sealing film will block passage of fluids, for 
example, past the barrier formed by the film until the film is radiated by 
microwave energy causing the barrier to be heated, softened and eventually 
separate to open the passage. 

20 

The microwave radiation absorbing sclf-protonated sulfonated polyaniline 
sAlt polymer may also be distributed in or copolymerized with a conventional 
thermally activated shrink wrap film. For example, Fig. 2C illustrates a conduit 
having a defect or crack. A thermoplastic film with microwave radiation 
absorbing self-pro tona ted sulfonated polyaniline salt polymer distributed with it 
is loosely wrapped around the conduit and the film is then irradiated with 
microwave energy causing the sulfonated polyaniline polymer to absorb the 
microwave energy convert it to heat thereby heating the film and activating its 
shrink properties. 

^ The microwave absorptive sulfonated polyaniline film can be 

advantageously used for shielding objects as mentioned above and is particularly 
useful for shielding a plurality of electrical conductors to form a shielded cable. 
The sulfonated polyaniline shield not only prevents electromagnetic energy from 
entering the cable and thereby coupling noise into the conductors and prevents 

^ electromagnetic energy from exiting the cable but additionally because the 
sulfonated polyaniline is also conductive, the outer conducting sulfonated 
polyaniline shield may also be used to ground nn electronic device to which it is 
connected. Thus, because the sulfonated polyaniline is also conductive, it may 
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not only absorb rather than merely reflect the microwave energy but it may also 
conduct current to maintain an electrical apparatus at a ground potential. 

The ability to permanently alter at will the absorption charteristics of 
sulfonated polyaniline through the application of light or electrochemical 
5 potential provides a powerful technology for use in information storage. 

Transmission characteristics or the photoinduced absorption in sulfonated 
polyaniline are also dependent upon the writing laser input intensity. That is, the 
amount of photoinduced absorption is proportional to the intensity of the writing 
laser. This ability to "stack" the transmission characteristics of the shifted 
10 photoabsorption spectrum of sulfonated polyaniline provides the capability to 
"stack" information storage at one given bit location on a storage unit. Thus, the 
read lasers can be utilized to correspond to the laser input intensity to read 
three-dim ensionally nt one bit location of the storage system. 

Chemical or electrochemical erasure of the stored information in a total or 
bit-wise manner is possible by temporary conversion of the insulating forms of 
sulfonated polyaniline to the conducting form of the sulfonated polyaniline film. 
Similarly, if information storage is carried out using the long lived photoinduced 
absorption of the conducting forms of sulfonated polyaniline, then total or 
bitwise erasure can occur by chemical or electrochemical conversion to one of 
the insulating (leucoemeraldinc, cmcraldine or pernigraniline) forms or the 
polymer. Electrochemical conversion is achieved in a compact solid-state 
sandwich cell such as shown in Fig. 27 and Fig, 28. The sandwich cell 
incorporates a solid electrolyte such as polycthyleneoxide and at least one 
transparent or semi-transparent electrode. The electrochemical electrodes are 
arranged in two overlaid but electrically isolated raster-like arrays. Applying 
voltage to two electrically conducting strips that cross at bit clement P would 
produce a large enough voltage to switch the spectral state of the polymer at 
that bit element P. Application or a voltage at only one such would be 
^ insufficient to switch the bit. In addition to enabling the electrical erasure or 
correction of individual bits written optically this also allows the use of 
electrical bit data to write to the polymer and subsequently bring rapid optical 
reado he stored information. 

The temperature for erasure of the photoinduced information is one of 
sulfonated controllable by judicious choice of the N or ring siibstitucnt. For 
example, use of polyortho-toluidinc and naphthal versions of sulfonated 
polyaniline in the emeraldine equivalent oxidation state polynniline will provide 
stability to higher temperatures, likely exceeding room temperature. Hence, 
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. some of these derivative systems will be usable at room temperature, with 
erasure occurring above room temperature. 

The sulfonated polyaniline medium used for information storage may also 
be combined in composite form with other polymers to blend mechanical and 

5 optical storage function. The density of optical storage is limited only by the 
diffraction limits or the writing and probing beams utilized. Assuming a 
wavelength of 500nm ultimately of bit density of approximately 1 bit per 1 
micron by 1 micron square or approximately 7.3 x 10l0 bj t per 12 inch diameter 
disk is obtainable. Ose of a shorter wavelength light or finer focusing technique 
10 lends to on even higher density of optical storage. This is 1000 times the 
information density available in current commercial technologies. This estimate 
is obtained assuming that each bit is cither "on" (1, pohotoinduced absorption is 
present) or "off" (0, no photoinduced absorption present). Discriminating two 
levels or photoinduced absorption, for example reading each bit as 0, 1, 2. raises 

15 

the total information storage capacity dramatically. 

Fig. 29 is a schematic illustration or sulfonated polyaniline containing an 
optical disk device incorporating a rotating optical disk, laser and mirror for 
writing bits or information, and laser and mirror for reading the photoinduced 
information. A third laser (shown) and mirror may be added for bit-wise erasure 

20 

purposes. It is noted that these mirrors may be replaced by self-focusing lenses, 
rotating polygon mirrors, or other available devices for directing the light 
emitting from these lasers to the desired bit track on the rotating disk. The 
detector moves in a coordinated Tashion to lie under the bit being probed or 
alternatively the collection optics (including mirrors, etc.) track the bit being 

25 selected and guide the collective light to the detector. The output or the 
detector is discriminated to distinguish more than one level or information 
.stored within the bit location. 

The multi-level information storage aspect or the present invention can be 
alternatively achieved through the use or an optical disk having two oriented 

30 Tilms or sulfonated polyaniline held at 90° relative orientation. Write, read, and 
erase light beams polarized parallel to the orientation direction or the top layer 
will record, read, and erase information on the top layer; light polarized parallel 
to the orientation direction or the bottom layer will be transmitted through the 
top layer and will record, read, and erase the bottom layer. 

35 

Fig. 30 is a schematic representation or the use or sulfonated polyaniline 
film to produce holographic images and photoinduced grating in a two- 
dimensional framework is shown. The two-dimensional framework is the sample 
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configuration ol a sulfonated poiyaniline film supported by a transparent 
substrate. Two beams I] and I2 interfere in the sulfonated poiyaniline film to 
form an interference pattern or holographic image within the polymer. 

Fig. 31 shows a three-dimensional holographic and photoinduced grating 
application by schematic illustration. A thick sample of sulfonated poiyaniline 
or sulfonated poiyaniline dispersed in a transparent host polymer such as kopton 
or polycarbonate is used. In this illustration two beams Ii and I2, interfere in the 
sulfonated poiyaniline film to form an interference pattern or holographic image 
within the polymer. 

The sulfonated poiyaniline for use in photorefractive applications as 
envisioned in either Fig. 30 or 31 has nn advantage over usual photorefractive 
materials such as Bi]2SiO20 crystals in that the latter systems require 
applications of high voltage ( GkVcm~l) to the photorefractive material to 
maintain the photoinduced grating or holographic image. The sulfonated 
poiyaniline material, because of the different microscopic mechanism involved, 
does not require the application of voltage to produce this high electric field, 
with concomitant advantages in design simplication, fabrication and processing 
simplication, and cost reduction. 

While the invention has been disclosed in this patent application by 
reference to the details of preferred embodiments and examples of the 
invention, it is to be understood that this disclosure is intended in an illustrative 
rather than in a limiting sense, as it is contemplated that modifications will 
readily occur to those skilled in the art, within the spirit of the invention and the 
scope of the claims which follow. 
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Tabic 1: Elemental Analyses" of Chemically Synthesized Sulfonic Iling- 



Substi luted Polyanilinc 



sample 


C 


E 


N 


S 




Tolal 


Formula 


aniline(cal.) 


77.38 


7.53 


15.04 






100 


c„n T N 


PAN(caL) 
PA.N(fonnd) 


79.54 
79.14 


5.00 
4.96 


15.4G 
15.1G 






100 
99.2C 


c„n 9 N 
c„n,N 


SPAN(cnl.) 
SPAN(found) 


55.1G 
54.98 


3.47 
3.40 


10.72 
10.G8 


12.27 
11.85 


18.37 
17.77 


100.00 
98.G8 


CijTJtNjSOa 
CijIIoNaSjOa' 



a. C, U, and N analyses were performed by Dr. 1L Kohli at U. of Penn- 



sylvania, S analysis was carried out by M-II-W Laboratories, Phoenix, AZ. 

b Oxygen content was found by assuming three oxygen atoms for every 
sulfur atom. 

c Ratio of II, N, and S to C corresponds to experimental value 0 f CnE 8 .BNi.oaS, 
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CLAIMS ; 

1. A sulfonated polyaniline composition having a chemical composition 
of formula I 



wherein O < y < I, R \, R2, R3, R4, R5 and Rg arc independently selected from 
the group consisting of II, S03~, -SO3II, -R7SO3-, -R7S03II, -OCII3, -CH3, 
-C2II5, -P, -CI, -Dr, -I, -NR7 2> -NIICOR7, -Oil, -Q- t -SR7, -OR7, -OCOR7, 
-N02, -COOII, -COOR7, -COR7, -CIIO and -CN, wherein R7 is a CpCg alkyl, 
aryl or aralkyi group, and wherein the fraction of rings containing at least one 
Rj, R2> R3 or R4 group being an -S03~, -SQ3IT, -R7SO3", or -R7SO3H varies 
from approximately 20 percent to one hundred percent. 




20 



2. The composition as claimed in claim 1, wherein the sulfonated 
polyaniline composition is of molecular weight in the range of from 
approximately 300 (oligomers of sulfonated polyaniline) to in excess of 100,000, 



25 



30 



3. The composition as claimed in claim 1, wherein Rj is selected from 
the group consisting of -SO3", -SO3II, -R7SO3 - , and -R7SO3H and R2 = R3 = R4 
= II and y-^0.5. 

4. A process for producing the polyaniline composition of claim 1 
comprising reacting a polyaniline polymer and H2SO4. 

5. The process according to claim 4 in which the reaction is conducted 
at a temperature range of between about -38°C and 100°C. 



G. The process according to claim 4 in which the reaction is carried out 



35 



in air. 



7. The process according to claim 4 in which the polyaniline polymer has 
a predetermined chain length which is not reduced in length during the reaction. 
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8. The process according to claim 4 in which a copolymer of polyaniline 
and sulfonated polyaniline is obtained by partially sulfonating the polyaniline 
polymer. 

5 

9- The process according to claim B in which the partial sulfonation of 
the polyaniline polymer comprises shortening sulfonation times and/or lowering 
sulfonation temperatures. 

10 l0 * The Process according to claim 4 in which a copolymer of polyaniline 

and sulfonated polyaniline are obtained by reacting 2-amino-sulfonic acid and 
aniline with an oxidizing agent comprising potassium persulfate in an acidic 
aqueous solution. 

15 IK A composition for switching an electrochemical response between a 

conducting and a nonconducting state, wherein the electrochemical response is in 
the range of about -0.2 to about 0.8V, wherein the composition comprises a 
sulfonated polyaniline composition of the formula L 

20 12- The composition as claimed in claim 11, wherein the composition is 

used in an electrochromic display. 

13. The composition as claimed in claim 11, wherein the composition is 
used in an electronic switch. 

25 

14. The composition as claimed in claim 11, wherein the composition is 
used in a rechargeable battery. 

15. A method for switching an electrochemical response between a 
30 conducting and a nonconducting state comprising varying the applied potential to 

a sulfonated polyaniline of the formula i, whereby the electrochemical response 
in the sulfonated polyaniline composition switches between a conducting and 
nonconducting slate. 

35 A composition comprised of a sulfonated polyaniline composition of 

formula I for use as a chemical sensor, wherein through exposure to a reactive 
chemical the color and/or conductivity of the sulfonated polyaniline composition 
is changed. 
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17. A composition for conducting electricity, wherein the electrical 
conductivity is in the range of about 0.5 S/cm wherein the composition comprises 

5 a sulfonated polyaniline composition of the formula I. 

18. The composition as claimed in claim 17, wherein the composition is 
used as discharge layers for an electron beam lithography process. 

10 The composition as claimed in claim 17, wherein the composition is 

used as a medium for electrostatic discharge. 

20. The composition as claimed in claim 18, wherein the composition is 
blended, entrained in a matrix of, or copolymcrizcd with an insulating polymer to 

IS form a conducting polymer. 

21. The composition as claimed in claim 20, wherein the conducting 
polymer is used with bulk converings including carpets and fabrics. 

20 22. The composition as claimed in claim 20, wherein the conducting 

polymer is used in conductive seals, joints, or moldings. 

23. A method for conducting electricity comprising exposing a sulfonated 
polyaniline composition of the formula 1 to a constant current source, whereby 

25 electricity is conducted by the sulfonated polyaniline composition. 

24. A composition for absorbing electromagnetic radiation, wherein the 
electromagnetic radiation possesses a wavelength generally in the range of from 
about 1000 Angstroms to about 50 meters, wherein the composition comprises a 

30 sulfonated polyaniline composition of the formula I. 

25. The composition as claimed in claim 24, wherein the electromagnetic 
radiation is microwave radiation which possesses a wavelength generally in the 
range of from about 0.04cm to about 25cm. 

35 

26. The composition as claimed in claim 24, wherein the electromagnetic 
radiation is infrared radiation which possesses a wavelength generally in the 
range of from about 3,000 Angstroms to about 0.04cm. 
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27. The composition as claimed in claim 24, wherein the electromagnetic 
radiation is visible light radiation which possesses a wavelength generally in the 
range of from about 4,000 Angstroms to about 8,000 Angstroms. 

5 

28. The composition as claimed in claim 24, wherein the electromagnetic 
radiation is ultraviolet radiation which possesses, a wavelength generally in the 
range of from about 100 Angstroms to about 4,000 Angstroms. 

10 29. A method of absorbing electromagnetic radiation comprising exposing 

a sulfonated polyaniline composition of the formula I to electromagnetic 
radiation, whereby the electromagnetic radiation is absorbed by the sulfonated 
polyaniline composition. 

15 30. The method of absorbing electromagnetic radiation as claimed in 

claim 20 comprising exposing the sulfonated polyaniline composition to infrared 
radiation, whereby the infrared radiation is absorbed by the sulfonated 
polyaniline composition. 

20 31. The method of absorbing electromagnetic radiation as claimed in 

claim 29 comprising exposing the sulfonated polyaniline composition to visible 
light radiation, whereby the visible light radiation is absorbed by the sulfonated 
polyaniline composition. 

25 32- The method of absorbing electromagnetic radiation as claimed in 

claim 29 comprising exposing the sulfonated polyaniline composition to 
ultraviolet radiation, whereby the ultraviolet radiation is absorbed by the 
sulfonated polyaniline composition. 

30 33. The method of absorbing electromagnetic radiation as claimed in 

claim 29 comprising exposing the sulfonated polyaniline composition to 
microwave radiation, whereby the microwave radiation is absorbed by the 
sulfonated polyaniline composition. 

35 34. A method of applying heat to a substrate comprising: 

(a) applying to a substrate an electromagnetic radiation-absorbing 
sulfonated polyaniline composition, or a partially self-pro tona ted salt thereof; 
and, 
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(b) exposing the electromagnetic radiation-absorbing sulfonated 
polyaniline composition, or the partially self-pro tona ted salt thereof, to 
electromagnetic radiation, whereby the electromagnetic radiation-absorbing 
5 sulfonated polyaniline composition, or the partially self-pro tona ted salt thereof 
absorbs the electromagnetic radiation. 

35. The method as claimed in claim 34 whereby heat is generated by the 
absorption of the electromagnetic radiation and the heat is transferred from the 
sulfonated polyaniline composition or the partially self-pro tona ted salt thereof 
to the substrate. 

3G. The method as claimed in claim 34, wherein the electromagnetic 
radiation is microwave radiation. 

15 

37. The method as claimed in claim 34, wherein the electromagnetic 
radiation is infrared radiation. 

38. The method as claimed in claim 34, wherein the electromagnetic 
20 radiation is visible radiation. 

39. The method as claimed in claim 34, wherein the electromagnetic 
radiation is ultraviolet radiation. 

25 40. The method as claimed in claim 34, wherein the electromagnetic 

radiation-absorbing sulfonated polyaniline composition is of the general formula 
I. 

41. The method as claimed in claim 34, wherein the electromagnetic 
30 radiation-absorbing sulfonated polyaniline composition is of molecular weight in 

the range of from approximately 300 (oligomers of polyaniline) to in excess of 
100,000. 

42. The method as claimed in claim 34, wherein the electromagnetic 
35 radiation-absorbing sulfonated polyaniline composition is applied to the substrate 

by a method selected from the group consisting of spray coating, dip coating, 
spin casting, melt extrusion, transfer roll coating, and brush-on coating. 
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43. The method as claimed in clam 34 wherein the substrate is a material 
selected from the group consisting of synthetic fibrous material, natural fibrous 
material, inorganic filler material, organic polymeric material, woven fabric 

5 material, non-woven fabric material, and silicate-containing material. 

44. A method of adhering two or more materials comprising: 

(a) applying to at least one of the materials a microwave radiation- 
absorbing sulfonated polyaniline composition, or a partially self-pro tona ted salt 

IQ thereof; 

(b) contacting the materials to be adhered such that the microwave 
radiation-absorbing sulfonated polyaniline composition, or the partially self- 
protonatcd salt thereof, is contacting both materials to be adhered; and, 

(c) exposing the microwave radiation-absorbing sulfonated 
15 polyaniline composition, or the partially self-pro tona ted salt thereof, to 

microwave radiation sufficient to cause the materials to adhere to each other. 

45. The method as claimed in claim 44, wherein one of the materials to 

be adhered is a higher temperature melting microwave transmissive material and 

20 another material to be adhered is a lower temperature melting material, 
whereby the material is caused to melt. 

4G. The method as claimed in claim 44, wherein at least one of the 
materials to be adhered is a plastic. 

25 

47. The method as claimed in claim 44, wherein at least one of the 
materials to be adhered comprises a silicate-containing material. 

48. A method of changing the refractive index of sulfonated polyaniline 
30 comprising: 

(a) applying sulfonated polyaniline to a photo transmissive 

substrate; 

(b) applying a first beam of light of wavelength x at u critical 
angle y to the sulfonated polyaniline; and 

35 (c) applying a second beam of light of wavelength z to the 

sulfonated polyaniline, whereby the second beam is absorbed by the sulfonated 
polyaniline changing the index of refraction of the sulfonated polyaniline, 
whereby the transmission of the first beam through the photo transmissive 
snbshr/iln is nlforpr] 
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49. A method of changing the refractive index of a sulfonated poiyaniline 
composition comprising: 

(a) applying a first beam of light of wavelength x at a critical 
5 angle y to the sulfonated poiyaniline; and 

(b) applying a second beam of light of wavelength z to the 
sulfonated poiyaniline, whereby the second beam is absorbed by the sulfonated 
poiyaniline changing the index of refraction of the sulfonated poiyaniline, 
whereby the transmission of the first beam through the sulfonated poiyaniline 

10 composition is altered. 

50. A method for absorbing electromagnetic waves comprising exposing a 
sulfonated poiyaniline polymeric composition or a partially self-pro tonated salt 
thereof to radar waves whereby the sulfonated poiyaniline composition or the 

X5 salt thereof absorbs the radar waves. 

51. A method for reducing the de testability by radar of an object 
comprising applying to the object a sulfonated poiyaniline composition or a 
partially self-pro to na ted salt thereof in an amount sufficient to absorb at least 

20 some radar radiation to which the object may be exposed, thereby reducing the 
detectability by radar of the object. 

52. A method of coupling an optical signal from one phototransmissive 
substrate to another phototransmissive substrate by means of sulfonated 

25 poiyaniline composition comprising: 

(a) applying a sulfonated poiyaniline composition between a first 
and a second phototransmissive substrate, whereby the sulfonated poiyaniline is 
in contact with both phototransmissive substrates; 

(b) inducing an optical signal through the first phototransmissive 
30 substrate; and, 

(c) exposing the sulfonated poiyaniline composition to light of 
sufficient intensity and wavelength to alter the index of refraction of the 
sulfonated poiyaniline composition such that the optical signal induced through 
the first phototransmissive substrate is coupled through the sulfonated 

35 poiyaniline composition into the second phototransmissive substrate, whereby the 
optical signal is transmitted through the second phototransmissive substrate. 
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53. A method of providing electronic shielding comprising providing a 
layer or a sulfonated polyaniline composition on the object to be shielded, 
whereby the entrance and egress of electromagnetic radiation is prevented. 

5 

54. A method of producing a thermal switch comprising: 

(o) contacting a microwave radiation-absorbing sulfonated 
polyaniline composition, or a partially self-protonated salt thereof with a 
thermocouple; and, 

10 (b) posing the microwave radiation-absorbing sulfonated 

polyaniline composition, or the partially self-protonated salt thereof, to 
microwave radiation sufficient to cause the composition to absorb enough 
microwave radiation to generate heat, whereby the thermocouple is activated. 

15 55. A method for masking a radiation curable polymer applied to an 

electronic circuit or device comprising: 

(a) applying a radiation-curable polymer or prepolymer to an 
electronic device or circuit; 

(b) applying to the radiation-curable polymer or prepolymer a 
20 sulfonated polyaniline composition; 

(c) exposing the device or circuit with the curable polymer or 
prepolymer and the sulfonated polyaniline composition to radiation sufficient to 
cure the curable polymer or prepolymer, whereby the sulfonated polyaniline 
composition absorbs some of the ultraviolet radiation; and, 

25 (d) rem oving the sulfonated polyaniline and any uncured curable 

polymer or prepolymer. 

5G. A method of producing an electromagnetic radiation absorbing cloth 
comprising: 

30 (n) extrud i"6T a polymeric material comprising a sulfonated 

polyaniline composition; 

(b) creating a fiber from the extruded polymeric material; and, 

(c) preparing a cloth comprising fiber created from the extruded 
polymeric material whereby the sulfonated polyaniline composition of the cloth 

35 absorbs electromagnetic radiation. 

57. The method as claimed in claim 56 wherein the polymeric material 
comprising a sulfonated polyaniline composition further comprises an organic 
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material selected from the group consisting of polyethylene, polyester, 
polyimide, nylon, cellulose nitrate, cellulose acetate, and polyvinyl chloride* 

5 58. An electromagnetic radiation absorbing cloth produced by the method 
of claim 56. 

59. An article produced from the electromagnetic radiation absorbing 
cloth of claim 58. 

10 

CO. A light valve for modulating the light coupled from one light 
transmitting medium to an adjacent light transmitting medium, the light valve 
comprising: 

(n) a mass of electromagnetic radiation absorbing sulfonated 
!5 polyaniline forming one of the light transmitting medin; 

(b) a modulating light source for radiating light at a controllable 
intensity upon at least a portion of the sulfonated polyaniline mass for 
controlling its index of refraction; 

(c) a modulated light source for radiating light through a First one 
20 of the light transmitting media adjacent the interface between the media; and, 

(d) means for controllably varying the intensity of light incident 
upon the sulfonated polyaniline mass from the modulating light source to thereby 
modulate light coupled from the first medium to the other. 

25 61. The light valve in accordance with claim 60, wherein one of said 

media is a solid light conductor having a layer of the sulfonated polyaniline upon 
a surface of the conductor. 

62. The light valve in accordance with claim 61, wherein the light 
30 conductor is an optical fiber with the sulfonated polyaniline on its longitudinal 
surface. 

G3. The light valve in accordance with claim 51, wherein the light 
conductor is an optical fiber with the sulfonated polyaniline on an endface. 

35 

64. The light valve in accordance with claim 63, wherein the endface is 
lapped at an angle to the optical axis of the fiber which is substantially the 
critical angle for the sulfonated polyaniline/conductor interface. 
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G5. The light valve in accordance with claim GO further comprising a 
third medium in the form of a light conductor and wherein the first medium is a 
first light conductor and the sulfonated polyanilinc mass is interposed between 
5 the two light conductors for coupling light from the first conductor to the 
sulfonated polyaniiine and from the sulfonated polyaniline to the second 
conductor. 

GG. The light valve in accordance with claims 60, Gl, G2 f G3, 64 or 65, 
wherein the sulfonated polyaniline mass is a layer upon a light conductor which 
together form the two media, and the modulated light source is positioned to 
direct light at a selected frequency range from within one medium upon the 
media interface at an angle of incidence which is substantially greater than the 
critical angle for that interface when the modulating light is at a minimum 
!5 intensity, wherein the light coupled to the other medium is increased as the 
intensity oT the modulating light is increased to increase the critical angle of the 
interface to an angle greater than said angle of incidence. 

67. The light valve in accordance with claims 60, 61, 62, 63, 64 or 65, 
20 wherein the sulfonated polyaniline moss is a layer upon a light conductor which 

together form the two media, and the modulated light source is positioned to 
direct tight at a selected frequency range from within one medium upon the 
media interface at an angle of incidence which is substantially less than the 
critical angle for that interface when the modulating light is at a minimum 
25 intensity, wherein the light coupled to the other medium is decreased as the 
intensity of the modulating light is increased to decrease the critical angle of 
the interface to an angle less than said angle of incidence. 

68. An apparatus for controllably varying the phase velocity of 
3Q propagating light, the apparatus comprising: 

(a) a light conductor through which the light propagates; 

(b) a layer of electromagnetic radiation absorbing sulfonated 
polyanilinc upon a surface of the conductor; 

(c) a variable intensity modulating light source positioned to 
35 radiate light upon the sulfonated polyaniline layer; and, 

(d) means for controllably varying the intensity of the modulating 
light source. 
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69. A microwave attenuator comprising a mass of electromagnetic 
radiation absorbing emcraldine salt form of sulfonated polyanilinc positioned in 
the propagation path of the microwave. 

5 

70. The attenuator in accordance with claim 69, wherein the sulfonated 
polyanilinc mass has a variation in its self-protonation as a function of distance 
along the axis of microwave propagation. 

7K The attenuator in accordance with claim 70, wherein the self- 
protonation varies from a minimum at a microwave input end of the propagation 
axis along the sulfonated polyanilinc mass to a maximum at an opposite, output 
end along the propagation axis. 

15 72. The attenuator in accordance with claim 71, wherein the average 

gradient of the variation in self-protonation is approximately a linear function of 
distance along the propagation axis. 

73. The attenuator in accordance with claim 71, wherein the attenuator 
20 is formed of a plurality of laminated layers of the sulfonated polyanilinc, each 

layer having a differing self-protonation level. 

74. The attenuator in accordance with claims 69, 70, 71, 72 or 73, 
wherein the sulfonated polyahiline mass is one electrode of an electrochemical 

25 cell having a second electrode and an interposed electrolyte and wherein there is 
further provided means for controllably varying the potential of the sulfonated 
polyaniline mass to vary its self-protonation and thereby vary its attenuation. 

75. The attenuator in accordance with claim 74, wherein the sulfonated 
30 polyaniline mass comprises a series of discrete segments arranged along the axis 

of propagation and wherein each segment forms an electrode of a different 
electrochemical cell each having a second electrode and an interposed 
electrolyte and wherein there is further provided means for controllably varying 
the potential of the sulfonated polyaniline mass of each segment to vary its self- 
35 protonation and thereby its attenuation across the entire mass of segments. 

76. The attenuator in accordance with claims GO, 70, 71, 72 or 73, 
wherein the mass is a layer upon at least one interior wall of a wave guide. 
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77. The attenuator in accordance with claim 70, wherein the sulfonated 
polyaniline mass is one electrode of an electrochemical cell having a second 
electrode and an interposed electrolyte and wherein there is further provided 

5 means for controllably varying the potential of the sulfonated polyaniline mass 
to vary its self-protonation and thereby vary its attenuation. 

78. The attenuator in accordance with claim 77, wherein the sulfonated 
polyaniline mass comprises a series of discrete segments arranged along the axis 
of propagation and wherein each segment forms an electrode of a different 
electrochemical cell each having a second electrode and an interposed 
electrolyte and wherein there is further provided means for controllably varying 
the potential of the sulfonated polyaniline mass of each segment to vary its self- 
protonation and thereby its attenuation Tor controlling the self-protonation 
gradient across the entire mass of segments. 

79. The attenuator in accordance with claims 69, 70, 71, 72 or 73, 
wherein the mass is within a waveguide and spans between walls of the 
waveguide and extends a selected distance along its propagation axis. 

80. The attenuator in accordance with claim 79, wherein the sulfonated 
polyaniline mass is one electrode of an electrochemical cell having a second 
electrode and an interposed electrolyte and wherein there is further provided 
means for controllably varying the potential of the sulfonated polyaniline mass 

25 to vary its self-protonation and thereby vary its attenuation. 

81. The attenuator in accordance with claim 80, wherein the sulfonated 
polyaniline mass comprises a series of discrete segments arranged along the axis 
of propagation and wherein each segment forms an electrode of a different 

30 electrochemical cell each having a second electrode and an interposed 
electrolyte and wherein there is further provided means for controllably varying 
the potential or the sulfonated polyaniline mass of each segment to vary its self- 
protonation and thereby its attenuation of radiation. 

35 82. The attenuator in accordance with claim 79, wherein the sulfonated 

polyaniline mass has a progressively greater cross-sectional area in planes 
perpendicular to the axis of propagation extending from a minimum area at its 
microwave input end to a maximum area at its opposite end along the 
propagation axis. 
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83. The attenuator in accordance with claims 69, 70, 71, 72 or 73, 
wherein the sulfonated polyaniline mass is a layer bonded to the exterior surface 
of a microwave strip conductor. 

5 

84. The attenuator in accordance with claim 83, wherein the sulfonated 
polyaniline mass is one electrode of an electrochemical cell having a second 
electrode and an interposed electrolyte and wherein there is further provided 
means for controllably varying the potential of the sulfonated polyaniline mass 

IQ to vary its self-protonation and thereby vary its attenuation. 

85. The attenuator in accordance with claim 84, wherein the sulfonated 
polyaniline mass comprises a series of discrete segments arranged along the axis 
of propagation and wherein each segment forms an electrode of a different 

15 electrochemical cell each having a second electrode and an interposed 
electrolyte and wherein there is further provided means for controllably varying 
the potential of the sulfonated polyaniline mass of each segment to vary its self- 
protonation and thereby its attenuation of radiation. 

20 86. The attenuator in accordance with claim 69, wherein the sulfonated 

polyaniline mass is a layer which is bonded to an exterior surface of a microwave 
strip conductor and has a variation in its self-protonation as a function of 
distance along the axis of propagation which varies from a minimum at a 
microwave input end to a region of maximum self-pro tonatibn and then varies 

25 from the maximum self-protonation to a minimum self-protonation at an 
opposite end along the propagation axis to form an attenuator with minimized 
reflections. 

87. A method for shielding from electromagnetic waves comprising 
30 interposing a layer of a sulfonated polyaniline salt between a source or the waves 

and an object to be shielded. 

88. The method in accordance with claim 87, wherein the layer of 
sulfonated polyaniline is simultaneously also connected in an electrical circuit to 

35 conduct current. 



89. The method in accordance with claim 88, wherein the layer is 
positioned around electrical conductors to provide a shielded cable and the layer 
also is connected to rrronnrt n c]pv\r>r> ronnr^tod to thr* rolvlo 
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90. A thermally responsive film hcatnble by microwave energy and 
comprising a thermally responsive Him having a microwave radiation absorbing 
self-pro tonn ted sulfonated polyaniline salt distributed in the thermally 

5 responsive film. 

91. The film in accordance with claim 90, wherein the film is a thermally 
activated shrink wrap film. 

10 92. A method for providing a barrier to tluid passage and for removing 

that barrier comprising: 

(a) distributing a microwave radiation absorbing self-pro tona ted, 
emeraldine salt of sulfonated polyaniline in a thermally deformable film; 

(b) forming a barrier with said film; and, 

15 (c) irradiating the film with microwave energy. 

93. A method for applying a film tightly around at least a portion of an 
object comprising: 

(a) distributing a microwave radiation absorbing, sclf-protonated, 
20 emeraldine salt of sulfonated polyaniline in a thermally activated shrink wrap 

film; 

(b) loosely surrounding the object with the film; and, 

(c) irradiating the film with microwave energy. 

25 94. An erasable optical information storage apparatus comprising: 

(a) a rotating optical disk composed of a sulfonated polyaniline; 

(b) n writing laser and mirror combination for writing bits of 
information; 

(c) a reading laser and mirror combination for reading 
30 photoinduced information; 

(d) an erasing laser and mirror combination for the bit-wise erasure 
of information; and, 

(e) a detector Tor outputting the information stored. 

35 95. A method for the storage and retrieval of information in an optical 

high density erasable format comprising: 

(a) maintaining a storage unit composed in part of a film of a 
sulfonated polyaniline at a temperature at or below 100 Kelvin; 
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(b) exposing the storage unit to a writing beam representative of 
the information or data, the writing beam having a known photon frequency and 
intensity to modify the optical absorption characteristics of the sulfonated 

5 polyaniline film; and, 

(c) exposing the storage unit to a reading beam having a second 
known photon frequency and intensity, the second known frequency and intensity 
being predetermined to match the altered optical absorption spectrum or the 
film, whereby the information or data is retrieved from the altered optical 
absorption spectrum. 

96. The method of claim 95 further including the step of erasing the data 
stored by the writing beam input by elevating the temperature of the storage 
unft to room temperature. 

97. The method of claim 95 further including the step of erasing the data 
stored by the writing beam input by selected bits by temporarily elevating the 
temperature of the selected bit of the storage unit to room temperature. 

20 98. The method of claim 95 further including the step of erasing the data 

stored by the writing beam input by exposing the storage unit to an intense light 
source of selected wavelength. 

99. The method of claim 95 further including the step of erasing the data 
25 stored by the writing beam input by selected bits by exposure of the selected bits 

of the storage unit to an intense directed light beam of selected wavelength. 

100. The method of claim 95 further including the step of stacking the 
information or data stored by the writing beam by selectively altering the 

30 intensity of the writing beam, wherein the intensity of the modification of the 
optical absorption characteristics of the sulfonated polyaniline film is directly 
responsive to the intensity of the writing beam, thereby enabling more than one 
bit of information to be written at a selected site on the storage unit. 

35 101. A method for producing a three dimensional holographic grating 

comprising: 

(a) dispersing a thick specimen of a film of a sulfonated polyaniline 
in a transparent host polymer such as kapton or polycarbonate; 
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(b) focusing two light beams at the sulfonated polyaniline film to 
create an interference pattern between the focused light beams with the 
sulfonated polyaniline film; and, 
5 (c) exposing the sulfonated polyaniline film to a reading beam* 

102. A method for the storage and retrieval of data or information in an 
optical high density erasable format comprising: 

(a) providing a storage unit composed in part of a film of a 
10 polyorthotoluidine and napthal version of an emeraldine form of sulfonated 

polyaniline; 

(b) exposing the storage unit to a writing beam respresentntive of 
the information or data, the writing beam having a known photon frequency and 
intensity to modify the optical absorption characteristics of the sulfonated 

15 polyaniline film; and, 

(c) exposing the storage unit to a reading beam having a second 
known photon frequency and intensity, the known frequency and intensity being 
predetermined to match the altered optical absorption spectrum of the 
sulfonated polyaniline film whereby the information or date is retrieved from the 

20 altered optical absorption spectrum. 

103. The method of claim 102 further including the step of erasing the 
data stored by the writing beam input by exposing the storage unit to a 
temperature elevated distinctly above room temperature. 

25 

104. A method for the storage and retrieval of data or information in an 
optical high density erasable format comprising: 

(a) providing a storage unit composed in part of a film of 
sulfonated polyaniline or derivatized sulfonated polyaniline composed of the 

30 formula I; 

(b) exposing the storage unit to a writing beam representative of 
the information or data, the writing beam having a known photon frequency and 
intensity to modify the optical absorption characteristics of the sulfonated 
polyaniline film; and, 

35 (c) exposing the storage unit to a reading beam having a second 

known photon frequency and intensity, the second known frequency and intensity 
being predetermined to match the altered optical absorption spectrum of the 
film whereby the information or data is retrieved from the altered optical 

nlvnrnl inn *~r*nn lrti»" 
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105. The method of claim 104 further including the step of erasing the 
data stored by the writing beam input by exposing the storage unit to o 
temperature elevated distinctly above room temperature. 

106. The method of claim 105, wherein Tlj = SO3H, It 2 = 11 3 = ^4 = 1*5 = 
Rc » Tl and y = 0.5 and x = 0.2^ 1 and maintaining such storage unit at a 
temperature not exceeding 200K. 

107. The method of claim 106 further including the step of erasing the 
data stored by the writing beam input by exposing the storage unit to a 
temperature elevated distinctly above 200K. 
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